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Summary 
In the past few decades, an increasing interest has been growing towards the nanostructured 
materials. Their enhanced properties have opened a whole new investigation field with 
applications in almost every area of knowledge. Specifically, silicon nanomaterials have 
attracted much attention owing to its abundance, relatively low price and large variety of 
applications. Among the Si nanostructured materials, one-dimensional silicon nanowires 
(SiNWs) are of particular interest. There are several SiNWs synthesis processes (bottom-up 
and top-down approaches), however, most of these synthesis methods either suffer from 
scalability issues or compromise the quality of SiNWs. Therefore, new methods to develop 
high-quality SiNWs in a scalable manner is of great importance and highly necessary. In this 
research, a new synthesis procedure based on the metal assisted chemical etching approach 
(MACE) has been used. This method provides the quality and scalability necessary for 
industrial level applications. 
The present work, has been focused on the synthesis of SiNWs and the study of their 
performances in solar cells and LIBs. Our studies on solar cells aimed at improving the light 
absorption and reducing the surface recombination. These goals were successfully obtained 
using patterned SiNWs, along with other nanomaterials, such as carbon nanotubes. 
The implementation of SiNWs in the LIBs has been carried out in three innovative electrode 
architectures. The introduced innovations ranged from the exploitation of synergies between 
nanomaterials, to the direct growth of large amounts of amorphous SiNWs on the current 
collector. Each of these architectures has been systematically studied by galvanostatic cycling, 
achieving a good description of the electrodes performance. Finally, another family of 
materials called MXenes has been studied. These 2D materials show promising properties 
which paired with SiNWs could lead to a very interesting hybrid material for LIBs. 
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Resumen 
En las últimas décadas, el interés hacia los materiales nanoestructurados ha crecido de manera 
incesante. La gran diversidad de propiedades que presentan tiene aplicaciones en casi todas 
las áreas del conocimiento. Específicamente, los nanomateriales de silicio han atraído mucha 
atención debido a la gran abundancia, precio relativamente bajo y gran variedad de 
aplicaciones del silicio. Entre los materiales nanoestructurados de Si, los nanohilos de silicio 
(SiNWs) son de particular interés. Entre los numerosos procesos de síntesis de SiNWs, en 
esta tesis nos hemos centrado en un método relativamente nuevo, llamado "metal assisted 
chemical etching" (MACE). Este método proporciona una alta calidad SiNWs y una fácil 
escalabilidad, lo que podría permitir el desarrollo de aplicaciones a nivel industrial.  
En el presente estudio, se investigó la aplicación de estos SiNWs en dos campos relacionados 
con la energía: las células solares y las baterías de ion de litio (LIBs). En el ámbito de las 
células solares, la investigación se centró en la mejora de la absorción de la luz y la 
recombinación superficial del material. Para alcanzar este fin, se desarrollaron soluciones 
novedosas como el crecimiento de SiNWs con patrón o el uso de nanotubos de carbono 
como recubrimiento conductor. 
La implementación de los SiNWs en LIBs se realizó en forma de tres innovadoras 
arquitecturas de electrodos. Estas innovaciones comprendían desde la explotación de 
sinergias entre nanomateriales hasta el crecimiento directo de SiNWs amorfos en el ánodo. 
Cada una de estas arquitecturas fue estudiada mediante ciclado galvanostático, obteniendo 
una buena descripción del comportamiento del material y un rendimiento electroquímico 
extraordinario. Por último, se estudió otra familia de materiales llamados MXenes. Estos 
materiales 2D muestran propiedades prometedoras que junto con los SiNWs podrían 
conducir a un material híbrido muy interesante para LIBs. 
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Chapter 1:  
Introduction 
 
1.1 Silicon 
In the last decades, Silicon (Si) has been the most widely used semiconductor in high 
technology applications. It is the basic building block of the actual electronics1,2, solar cells3 
and many others industry applications4.  Among the advantages of the Si, it can be highlighted 
its extreme abundancy, being the second major constituent of the earth crush. In addition, it 
is very stable and non-toxic. The long experience of the industry with Si is also a remarkable 
advantage, and have led to a very polished fabrication and purification processes. This set of 
properties, makes the industry much more receptive to use Si in innovative applications. 
Additionally, it can be remarked that it is the most well-known semiconductor. It shows 
extremely good properties such as good carrier mobility or an appropriate band gap for 
terrestrial light spectrum, making it suitable for many applications1.  
Since the development of the low-dimension structures, a great interest has grown towards 
the research of the Si in the nanoscale. The superior performance of  these materials 
compared to bulk Si in many applications5, have resulted in the development of numerous 
Si nanomaterials. Among them, it can be found: silicon nanoparticles6,7, nanospheres8, 
nanotubes9, nanowires10, nanocones11 and many others. In this work, a deep study on the 
one-dimensional silicon nanowires (SiNWs) will be done. 
 
2 
 
1.2 Silicon Nanowires (SiNWs) 
1.2.1 Synthesis methods 
SiNWs have very different properties depending on their structure and morphology, and in 
most of the cases, these characteristics are directly determined by the synthesis method.   
The synthesis methods are usually divided in two major approaches: bottom-up and top 
down. In all the bottom-up methods, the SiNWs grow from the successive assembly of Si 
atoms,  forming structures which lengths are between few nanometers and several microns12. 
On the contrary, the top-down methods are based on the shaping of pre-existing Si 
substrates, achieving structures in the nanoscale dimensions. The most representative 
methods of each approach are the Vapor-Liquid-Solid (VLS) method through chemical 
vapor deposition (CVD), and the metal assisted chemical etching (MACE), respectively. 
There are a number of differences between these methods. The first one is that the VLS is 
usually achieved by high temperature and needs gaseous precursors, implying the use of 
specific equipment. Moreover, the high temperatures required, could not be feasible for all 
applications. On the other hand, the MACE is achieved by a wet chemical reaction which 
does not needs any specific equipment or temperature requirement.  
Another difference which can be noticed, is that the MACE presents a much more flexibility 
in the type of structures produced. The diameters of the MACE structures can be 
controllably ranged between 5 nm and 1 µm, while the VLS shows a much more restricted 
range13. Moreover, the MACE has proven to produce structures with higher surface-to-
volume ratios that the VLS14. Opposite to the aforementioned MACE advantages, the VLS 
produces SiNWs with smoother and defectless surfaces13.  
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To conclude, it can be highlighted very important similarities: both techniques produce 
SiNWs with high core purity and controlled doping, being really interesting for a number of 
nanodevices10.  
1.2.2 Metal Assisted Chemical Etching (MACE) 
In the present work we will delve into the MACE method for obtaining SiNWs. This quite 
novel method has been gaining importance in the last decade, being right now one of the 
most used for the SiNWs production. 
 The MACE can be outlined as a localized etching of silicon in the presence of a catalyst, 
which can be any noble metal such as Au, Ag, Pt or Pd. When a Si surface is partially covered 
by any of this metals, and then subjected to a specific solution, the Si beneath the catalyst is 
removed leaving the metal-free surface untouched. This continuous process makes the metal 
sink into the Si substrate, carving pits on it. If the metal density in the surface is high enough, 
these pits gets interconnected forming SiNWs.  
The catalyst plays a fundamental role in the MACE, and its deposition has a deep influence 
in the features obtained at the end of the process. There are numerous of valid deposition 
techniques for the catalysts, such as thermal evaporation15, sputtering16, electroless 
deposition17 and many others. Due to the nature of the process, the shape in which the 
catalyst is deposited determines the features produced by the etching. This fact is very 
important because allows a very precise control of the nanostructures features by patterning 
the catalyst deposition. For the patterning, the physical deposition techniques (i.e. sputtering 
or thermal evaporation) are the appropriate methods. On the other side, plating methods 
such as electroless deposition generates more random shapes, being more suitable when a 
precise shape of the SiNWs is not extremely important. Moreover, plating techniques are 
very fast, easy to perform and have no sample size limitation, what makes them the most 
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common approach for the SiNWs growth. From the plating methods, this work focuses on 
the electroless deposition. 
 The metal deposition in the electroless method is based on a typical galvanic process18. The 
metal ions in the solution (containing noble metal salts) are reduced in the surface of the Si 
by injecting holes in its valence band. In the presence of water, this hole injection leads to 
the oxidation of the Si which is removed by the HF contained in the electroless solution, 
producing a mild etching on the Si. 
 Once the ions are reduced, they form metal aggregates. The new ions which interact with 
the Si, tend to get incorporated to these aggregates rather than to the naked Si surface. This 
behavior produces a continuous growth of the aggregates which end up forming 
nanoparticles. At the end of the procedure, the surface is covered by metal nanoparticles. 
This process is schematically represented in scheme 1.1. 
 After catalyst deposition, by any described method, the Si substrate with the catalyst is 
immersed into the etchant of the MACE, initiating SiNWs growth. The etching solution is 
usually a HF/H2O2 mixture. Similarly, as the etching due to the electroless solution, the 
removal of the Si is caused by the hole injection into the Si in the presence of HF. However, 
in this case, the source of holes is not the metal ions, but the H2O2. This reactant gets reduced 
in the noble metal surface injecting the holes into the Si through the catalyst nanoparticle19. 
The electron availability and better energy position respectively the Si valence band, makes 
more favorable the hole injection through the metal than the H2O2 directly on the Si
13,20. The 
aforementioned is the responsible for the localized etching of the metal-covered Si, making 
the non-covered Si surface almost inert to the reaction. The whole process is displayed in 
scheme 1.1. 
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Scheme 1.1 Diagram of the electroless deposition of Ag NPs and the subsequent etching of the Si 
in a HF+H2O2 solution. 
 
1.2.3 Applications 
SiNWs belong to the one-dimensional materials due to their lateral size. For this reason, they 
show particular properties compared with their bulk counterparts, such as much higher 
surface-volume ratio21 and quantum confinement effects22. These unique properties have 
attracted a lot of attention in many fields. Specifically, the MACE SiNWs have been used in 
field effect transistors23, chemical sensors24 and field emiters25. However, the higher impact 
of this material has been in the light harvesting and energy storage areas. The high light 
absorption of the SiNWs arrays and the inherited properties from the starting Si, have made 
them outstanding candidates both for photovoltaic and photoelectrochemical solar cells26. 
In the energy storage field, SiNWs have attracted much interest in lithium ion batteries (LIBs) 
and capacitors10 because of their high surface-volume ratio. In this work, special attention is 
paid to the photovoltaic solar cells and LIBs. 
1.2.4 Introduction photovoltaic to solar cells (PV) 
Actually, Si is the most popular material for photovoltaic (PV) solar cells, holding 
approximately the 90% of the PV market. Its unchallenged position in this market, comes 
from the extremely good features that this material presents. Some of them have been already 
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commented, such as its abundancy, non-toxicity or compatibility with modern electronics. 
Additionally, it presents a band-gap almost perfect for the absorption of the terrestrial solar 
spectrum and, when purified, shows very long diffusion lengths.  
In conventional Si solar cells, the planar p-n junctions require large amounts of Si to fully 
absorb the incident light. Moreover, due to the large thicknesses required, the purity of the 
material needs to be very high to avoid volumetric recombination. These requirements 
translate into high fabrication costs. In order to address the price issues, the research in this 
field have been directed in three differentiated paths26: the efficiency increase by new PV 
designs, the cost reduction of the Si production and the development of PV structures with 
low amount of material and lower purity requirements. The SiNWs can be used in the last 
approach. Their extremely high absorption could reduce the amount of material used27, and 
the new p-n junction configurations they offer21, could reduce the need of high diffusion 
lengths.  
1.2.5 Introduction to lithium ion batteries (LIBs) 
In the last decades, rechargeable lithium-ion batteries (LIBs) have been subjected to a 
growing demand due to the increasing popularity of portable electronic devices. The superior 
volumetric and gravimetric energy density of LIBs have stablished them as the prime portable 
energy source. Moreover, in the last few years, their application into the electric vehicles have 
made them a crucial device for the development of the renewable energies. This fast growth 
of the energy storage necessities, have encouraged the development of new materials for 
improved capacities and longer lifetimes. 
The working principle of LIBs is based on the intercalation and de-intercalation of the 
lithium ions in the positive and negative electrodes. As more ions the material can host, larger 
is the material capacity. The commercial anodes of the LIBs, are made of graphite, which 
can only accommodate one Li ion for every six C atoms. This intercalation ratio leads to a 
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very low theoretical capacity of 370 mAh/g. In order to improve the anode capacity, great 
efforts have been devoted searching for high-capacity electrode materials. Among the most 
promising anodes materials it can be found the Si. It shows the higher theoretical capacity 
known to the date, being 4200 mAh/g. However, this massive lithiation capacity comes 
accompanied by a huge volume increase of almost the 400%. These volumes changes are an 
insurmountable obstacle for common Si structures, which rapidly breaks down. However, 
the nanostructured Si could help to overcome this limitation. Their high surface-volume ratio 
improves the accommodation of the Li ions without the fragmentation. Moreover, the 
nanostructuration can also allow high charge/discharge rates due to the high surface 
available. To the mentioned advantages, common of all Si nanomaterials, the SiNWs also 
supply improved conduction paths, due to their higher lengths. This conduction paths 
suppress the influence of the low conduction in-between nanomaterials which could improve 
the overall performance of the device. All the above discussed features makes the SiNWs a 
promising anode material for the LIBs.  
1.3 MXenes 
In the past decade, two-dimensional (2D) materials, have attracted much interest and they 
have been focus of intensive research. Since the discovery of the graphene28 and its 
extraordinary electronical properties, a large amount of 2D materials have been discovered. 
Among these materials it can be found hexagonal boron nitride (h-BN),29 transition metal 
dichalcogenides (TMDs),30 oxides (TMOs)31–33 and layered double-hydroxides (LDHs)34. The 
atomic scale of their thicknesses provide an extraordinarily large specific surface areas, which 
allows an excellent performance in applications such as energy storage35–45, gas sensing46 or 
nanoelectronics47. 
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In the past few years, a new family of transition metal carbides and carbonitrides called 
“MXene” has been added to the 2D materials group. These materials are obtained by wet 
hydrofluoric chemical treatment from the Mn+1AXn phases.  The name of the MAX phase 
comes from their composition. M denotes an early transition metal such as Ti, V, Nb, Mo, 
etc., A indicates an A-group element such as Al, Si and Ga, etc., the X is carbon and/or 
nitrogen and n=1, 2, 3. 48–51 The hydrofluoric treatment of these materials removes the A 
elements and leaves a multilayered MX material, which is the so called MXenes. Due to their 
wet etching synthesis method, MXenes are usually terminated by –O, –OH and/or –F with 
the general formula Mn+1XnTx, where T represents surface termination
51,52. After the etching, 
the layers of the material are still bonded by weak van der Waals and/or hydrogen bonding51. 
These bonds can be broken through delamination to obtain monolayered colloidal solutions. 
To date, multilayered Ti3C2Tx, Ti2CTx, Ti3CNTx, Nb2CTx, V2CTx, Mo2CTx, Mo2TiC2Tx and 
many other MXenes, as well as their corresponding colloidal solutions, have been reported.53–
58 
1.4 Thesis objectives 
The objectives of this work are the growth of SiNWs by MACE for their application into 
photovoltaic solar cells and lithium ion batteries. The structure of the thesis is designed in 
six results chapters, number three to five are focused in the PV solar cells, while six to eight 
to the LIBs. The general objectives of the work are: 
1.  Providing a good description of the SiNWs synthesis methods, kinetics and 
characteristics of the resulting material. Along the thesis, different MACE procedures 
were employed to approach specific objectives. Prior to its use, the resulting SiNWs 
in each case were well characterized, and also the growth procedure was optimized. 
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This objective is addressed in the third, fifth and seventh chapter, for different 
MACE procedures in each one.  
2. Investigating the limiting factors which could suppress the application of the 
SiNWs into the PV solar cells and look for solutions to these problems. 
Specifically, the focus of the research is on the surface recombination of the SiNWs. 
In chapter four and five, two alternative methods are provided to tense the reduction 
of this limiting effect. 
3. Developing novel synthesis procedures and electrodes architectures to allow 
the use of SiNWs into the LIBs. The standard MACE is not directly applicable to 
the LIBs. Therefore, in chapter six to eight, different modifications of the MACE 
procedure are explored in order to make SiNWs which could be used in the LIBs. 
Moreover, along this three chapters, some novel electrodes architectures are 
developed answering to certain material necessities. 
4. Formation and characterization of electrodes composed by SiNWs for LIBs. A 
comprehensive study of the electrochemical performance is done in each chapter, 
and every innovation introduced to the material is experimentally evaluated. The 
analysis of the electrochemical data is addressed in each case and a well description 
of the behaviour of the material is provided. 
  
Techniques and equipment 
 11  
 
Chapter 2:  
Techniques and equipment 
 
In this chapter, some of the most used experimental setups and characterization techniques 
along the work are briefly introduce. It is out of the work’s scope to give a detailed insight 
of all the characterization and synthesis techniques used. Consequently, only those 
experimental equipments that are not commercial are described in order to detail their 
features. In the characterization techniques section, special attention is paid to the 
electrochemical techniques, re-visiting some basic concepts for the interpretation of the 
results.  
2.1 Synthesis techniques 
2.1.1 Chemical vapour deposition (CVD) 
This synthesis technique is based on the material deposition from vapour phase reactants. 
The reaction between these agents is usually driven by high temperatures and takes place in 
a purified atmosphere (obtained through low pressure or inert gas purge). This technique can 
produce a large amount of reactions, being quite versatile59.  
The experimental system consists on a tubular furnace with a quartz tube (125 cm long 35 
cm wide) where the samples are introduced, scheme 2.1. The gas inlet is software controlled. 
Additionally, our specific equipment has four possible channels and allow gas mixtures of 
four different gasses. Along the work, only three gasses were used: argon (Ar), nitrogen (N2) 
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and hydrogen (H2). The maximum fluxes of those gasses were of 1000 sccm, 1000 sccm and 
300 sccm, respectively. The working temperatures of the furnace are between ambient 
temperature (T.A.) and 1200ºC. The increasing and decreasing temperature ramps as well as 
the plateau temperature and duration is also software controlled.  
 
Scheme 2.1 Diagram of the CVD system experimentally used. 
 
This equipment was used for the carbon nanotubes (CNTs) synthesis, described in the fourth 
chapter, and in all the thermal treatments along the work. For the CNT synthesis, ethanol 
(ETOH) was used as carbon source. The insertion of this agent into the reaction chamber 
was done by bubbling N2 through a heated ETOH 
solution, scheme 2.2. The output N2 drags ETOH, 
which reacts into the chamber forming the CNTs. 
The CNTs synthesis was performed at atmospheric 
pressure, but some of the thermal treatments were done 
at low pressure. This low pressure was achieved by the 
addition of a pump at the gas output, scheme 2.1. 
 
Scheme 2.2 Diagram of the ETOH 
addition to the N2 flux. 
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2.1.2 Radio frequency magnetron sputtering (RF-MS) 
Radio frequency magnetron sputtering (RF-MS) belongs to the physical vapor deposition 
techniques (PVD). It is a sputtering technique which uses AC discharges (in the radio 
frequency range) in the electrode to generate plasma. The ions in the plasma collide with the 
target containing the source material. This material, is pulled out from its starting position 
and arrive at the sample holder. Unlike the DC sputtering techniques, the RF discharges 
allow the deposition of dielectric source materials due to their impedance drop with the 
increasing frecuency60.  
 
Scheme 2.3 Diagram of the RF-MS chamber. 
 
The RF-MS was used in this work for the deposition of aluminum (Al), described in fifth 
chapter, and hydrogenated amorphous silicon (a-Si:H), seventh chapter. The used equipment 
counts with a round shaped electrode of 2 inches diameter with a fixed operating frequency 
of 13,56 MHz. The sample holder is equipped with a heater and a thermocouple which are 
placed 10,5 cm away from the electrode. The gas inlet is regulated by two flowmeters which 
allow to perform gas mixtures of Ar and H2. The pumping system permits a minimum 
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pressure of 10-6 torr, which it has to be reached before any deposition process takes place. 
When this high vacuum conditions are obtained, the system is set to a working pressure of 
8·10-3 torr, then, the plasma can be turned on. Usually, in order to achieve this pressure, a 
flux of 3 sccm of the corresponding plasma gas is used. For Al deposition only Ar is used, 
while for a-Si:H a mixture of Ar and H2 is needed. 
2.2 Characterization techniques 
2.2.1 Electrochemical characterization 
The electrochemical characterization was performed with a 12-channel Arbin Instruments 
BT2143 workstation at room temperature (25 °C). As further discussed in chapter 6, the cells 
configurations were half-cells where the working electrode was faced to a pure lithium 
electrode, which act as both counter and reference electrode. The technique used for the 
electrochemical characterization was galvanostatic cycling. This technique is based on the 
application of a constant current between the working and counter electrodes while 
measuring their voltage difference. The capacity (mAh) of the working electrode material is 
extracted by multiplying the current and the cycle length. This capacity normalized by the 
mass of the material is the specific capacity61 (mAh/g).  The specific capacity can change 
between cycles due to the degradation of the electrode material or irreversible lithiation 
processes. For this reason, the specific capacity of a LIB is usually given as a function of the 
cycle number, figure 2.1A.   
Another common way to display the galvanostatic cycling results is in the form of charge-
discharge voltage profiles (VP). In these graphs, the voltage of the electrode (versus the 
lithium counter electrode, vs Li/Li+) is plotted as a function of the accumulated specific 
capacity61 for a single cycle, figure 2.1B. This allows the obtainment of the voltages at which 
the electrode is storing lithium, being dependent on the lithiation processes of the material. 
Techniques and equipment 
 15  
 
Additionally, the galvanostatic cycling results can be derived to obtain the differential 
capacity (dQ/dV, denoted as DC) curves, figure 2.1C. The aforementioned curves show 
peaks where lithiation/delithiation reactions take place. The voltage of these peaks permits 
to identify the compounds formed in each stage of the operation of the cell. The DC curves 
and the VP are very closely related. Indeed, the peaks shown in DC appears in the VP as 
changes in slope.  
The peaks in the DC curves can have two kind of shapes depending on the nature of the 
reaction. Due to the fact that the silicon lithiation is regarded as a solid-solution reaction, the 
behavior of the voltage will be determined by the Gibbs phase rule62. This rule stablishes 
that, if the system has one degree of freedom (in a constant temperature and pressure 
system), it is the electric potential and it varies with the lithium concentration. However, if 
the system has zero degrees of freedom, the electrode voltage is independent of the lithium 
concentration. The degrees of freedom62 can be obtained through equation 2.1, where f  
are the degrees of freedom, C the number of components and P the number of phases. 
PCf       Equation 2.1 
In the silicon lithiation there always are two components (Si and Li); therefore, f  is 
determined by the number of phases P. If the initial Si is amorphous, as well as the resulting 
Si-Li compound, there is only one phase and the voltage change with the Li incorporation. 
On the other hand, if the Si is crystalline and the Si-Li compound is amorphous, there are 
two phases and the voltage do not change along the Li incorporation. This effect translates 
into the DC curves as a broad peak and a delta type peak, for one phase and two phase 
transitions respectively, figure 2.1C. Similarly, in the VPs this effect is shown as a flat plateau 
for two-phase transitions and as a sloping curve for one-phase transitions, figure 2.1B. 
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Figure 2.1 A) Specific capacity vs cycle. Two and one phase transitions reactions voltage profiles, B), 
and differential capacity curves, C). 
 
The other characterization techniques used along the manuscript are either, described in the 
specific application/section or are so widely known that a detailed description is not 
necessary.  
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Chapter 3:  
Silicon nanowire arrays as  
anti-reflective layer 
3.1 Introduction 
The aim of this chapter is to provide a good description of the Metal-Assisted Chemical 
Etching (MACE) method and its application for obtaining anti-reflective layers. The MACE 
method is used all along the presented work, so a detailed understanding of the process and 
its parameters is the first objective of the thesis. In this chapter a morphological 
characterization of the SiNWs is provided, delving into their crystallinity, growth direction 
and the etching parameters that affect them. Also, a chemical characterization of the surface 
and the core of the nanowires is included in this study. Consecutively, the kinetics of the 
reactions are studied, obtaining the etching rates for different conditions and the general 
parameters of the process. At the end of the chapter the optical properties of the SiNW-
covered surfaces are analysed and their viability as anti-reflective layer is evaluated. 
3.2 Experimental 
The SiNWs were synthesized through a Metal-Assisted Chemical Etching (MACE) on p-
type (1-10 Ωcm, Boron doped, 300 µm) {100} monocrystalline silicon wafers and on (1-10 
Ωcm, Boron doped, 200 µm) multicrystalline silicon wafers. The standard two step MACE 
procedure was applied13,63 with a previous cleaning process of the substrates. The cleaning 
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was started with a consecutively sonication for 10 minutes in acetone, isopropyl alcohol and 
deionized water. After this cleaning, a mixture of H2SO4 (94-97%) and H2O2 (35%) was 
prepared in volume ratio 3:1. The wafers were immersed into this acid mixture, usually called 
Piranha solution, for 30 minutes. Then, the silicon dioxide formed in the surface was 
removed by a HF (5%) bath for 5 minutes. After the cleaning procedure described, the 
MACE was performed. 
 The MACE used is composed by two consecutive baths, the first one consists on the 
electroless deposition of silver nanoparticles13,17, which acts as catalyst, and the second one 
on the localized oxidation of the silicon where the catalyst was placed. The first bath was a 
0,01M AgNO3 (99,5%) and 4,8M HF (38-40%) solution while the second one was a HF and 
H2O2 solution in a molar ratio (𝜀 = [𝐻𝐹]/[𝐻2𝑂2]) of ε=24. This molar ratio was chosen 
from the bibliography to obtain straight and non-porous SiNWs63. The samples were 
immersed in the first bath between 30 seconds to 3 minutes and into the second bath 
between 3 minutes to 20 minutes depending on the desired length for the nanowires. The 
temperatures of the solutions were kept constant during the growth. 
After the last MACE bath, the samples were immersed into HNO3 (65%) for 30 minutes in 
order to remove the silver nanoparticles (AgNPs) in between the nanowires. Finally, the 
samples were rinsed in deionized water and dried with a nitrogen gun. 
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3.3 Results and discussion 
3.3.1 Morphological and structural characterization of the 
SiNWs 
As commented in the experimental section of the chapter, two different substrates have been 
used: {100}* monocrystalline polished silicon wafers and textured multicrystalline silicon 
wafers. The main difference between these substrates is that while the monocrystalline (c-Si) 
just show one crystal orientation, the multicrystalline (mc-Si) shows many of them all around 
the surface. Crystal orientation is very important for the MACE process and has a decisive 
effect on the growth direction of the nanowires64. This is because for removing a silicon atom 
from the surface, the back bonds that keeps him attached to the bulk have to be broken. A 
silicon atom in the {100} surface has 2 back bonds, while in the other priority surfaces like 
{110} and {111} there are 3 back bonds65. This makes that the <100> direction is the easiest 
to etch and so the preferential direction in which the silver particles will dig forming the 
SiNWs. Hence, if the surface has {100} orientation, SiNWs will grow vertical (Figure 3.1A), 
otherwise they will grow slanted. In the case of mc-Si substrates, this can be observed in the 
grain boundaries (Figure 3.1B), where each crystal orientation leads to a different inclination. 
 
 
  
                                                 
* Please note that the distinction between {lmn}, [lmn] and <lmn> is on purpose, using them to 
surfaces, directions and family of directions respectively. 
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Figure 3.1 FESEM images of SiNWs grown on, A), c-Si {100} wafers and B), mc-Si wafers. 
 
The SiNWs grown on c-Si and mc-Si were also studied by HRTEM in order to confirm the 
dependence of the inclination with the crystallographic orientation. The sample preparation 
for the TEM measurements was performed as follows; first, the sample was scratched with 
a scalpel immersed in an ethanol solution. Then, the solution with the sample inside was 
sonicated for 15 minutes. After that, some drops of the solution were deposited on a copper 
microscopic grid.  
 
Figure 3.2 TEM images of SiNWs grown on, A), c-Si {100} wafers and on, B), mc-Si. Inset, the 
corresponding selected area diffraction pattern (SADP). 
 
[111]
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The TEM images of the SiNWs grown on c-Si, figure 3.2A, reveals a highly crystalline core 
with an axial axis with a plane separation of 0,27 nm, which corresponds to the [200] 
direction. Moreover, the inset selected area diffraction pattern (SADP) indicates the presence 
of the [400] direction in the axial axis. Therefore, the growth direction is the <100> family, 
in agreement with the FESEM observations. 
In the case of the SiNWs growth on the mc-Si, nanowires with different inclinations were 
observed. Figure 3.2B shows a bundle of three slanted nanowires and part of the substrate. 
In the enlargement of the mentioned figure, it can be found an axial axis plane separation of 
0,54 nm, which corresponds to the [100] direction. Moreover, this result is coincident with 
the inset SADP. The results clearly show that, even not being the crystalline direction of the 
surface, the [100] direction is the preferential growth direction of the MACE process. 
 It is worthy to mention that it has been reported the growth in other crystalline directions 
when the temperature of the attack is very high63, or when using a thick and continuous 
catalyst layer66. However, both options have some disadvantages. When the temperature is 
increased over 50ºC, the reactivity of the attack grows. This effect allows the catalyst particles 
to remove faster the silicon beneath them and, therefore, suppresses the preferential growth 
in the [100] direction. However, the increased reactivity of the attack activates a secondary 
etch which affects the walls of the nanowires, obtaining porous nanowires, figure 3.3B. 
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Figure 3.3 FESEM images of A), tips of SiNWs grown at 25 ºC and B), tips of SiNWs grown at 
50ºC. 
 
On the other hand, it is possible to suppress the etching in the preferential direction when 
the catalyst forms a continuous layer. This is due to the reduction of degrees of freedom of 
the catalyst, forcing the layer to move perpendicular to the surface rather than slanted66. 
However, the electroless deposition method does not allow the formation of a continuous 
layer, and instead, by increasing the deposition time, only bigger catalyst nanoparticles are 
achieved. This effect can be clearly observed in figure 3.4. When short deposition times (15 
s) are applied, figure 3.4A, small AgNPs cover the surface. Their size distribution, figure 
3.4D, is centered in 200 nm and is quite narrow despite of their irregular shapes. If the 
deposition is prolonged in time (45 s), figure 3.4B, the particles grow considerably achieving 
an average size of 500 nm but with a wider size distribution, figure 3.4E. When very long 
deposition times (2 minutes) take place, figure 3.4C, the mean size of the particles grow up 
to 700 nm keeping a wide size distribution, figure 3.4F. After this long deposition times, the 
Ag NPs also grow upwards forming 3D dendritic structures above the surface of the silicon. 
The commented behavior can be seen in figure 3.4C, where an incipient growth upwards is 
observed. 
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It is necessary to point out that the shapes or sizes of the Ag NPs deposited by electroless 
deposition are not exactly transferred to the silicon (and the nanowires). When the Si 
substrate, with the Ag NPs, is immersed into the second bath of the MACE process, the Ag 
NPs suffers a dissolution in the presence of HF/H2O2
13. This dissolution leads to a notable 
size reduction and a shape transformation to spherical shaped NPs67 which sculpt the 
nanowires. The mentioned effect is even more noticeable in the 3D structures formed above 
the Si, after the immersion in the second bath, this structures get dissolved and just the Ag 
NPs in contact with Si can be found. 
 
Figure 3.4 FESEM images of AgNPs deposited after 15 s (A), 45 s (B) and 120 s (C) by electroless 
deposition method. Corresponding size distribution histograms (D-F). 
 
In the view of the above exposed, it can also be concluded that the electroless deposition 
method is not valid for the creation of a continuous catalyst layer, being necessary to move 
to physical deposition methods involving patterns, which makes the process much more 
complicated. 
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3.3.2 Chemical characterization of the SiNWs 
As it was exposed in the introduction, a quite remarkable attribute of the MACE method is 
the low modification of the properties from the starting material. This result has been 
previously shown in TEM images of figure 3.2, where the nanowires keep the same 
crystallinity as the substrate. However, in figure 3.2A-B it can also be seen an amorphous 
layer wrapping the SiNWs of a thickness around 5 nm. The composition of this amorphous 
layer is relevant, because this type of chemical etch can indeed produce an oxide layer or the 
amorphization68 of the surface of the nanowires. To investigate the chemical nature of the 
layer, the as-produced samples were analyzed by XPS and TEM-EDX. XPS results in figure 
3.5A, referenced using the carbon peak, show an important contribution at 103.6 eV, what 
can be identified as Si-O bond. This clearly indicates the presence of silicon oxide on the 
surface. Also, in this XPS analysis it can be identified the Si-Si bond at 99.4 eV and the so 
called “Organic Si” at 102.4 eV. This “Organic Si” corresponds to the Si-Hx, Si-O-C and Si-
OH bonds69, attributed to surface terminations of the silicon due to the chemical etching and 
the interaction with atmosphere. 
In agreement with XPS results, the TEM-EDX analysis of the core and external amorphous 
layer, figure 3.5B, points out a large amount of oxygen in the wrapping layer, while almost 
none in the core. Despite EDX results are mostly qualitative, the silicon oxide presence 
obtained from the XPS can be associated to the amorphous layer observed by TEM-EDX. 
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Figure 3.5 A) Si2p XPS spectra of as-synthetized SiNWs. B) TEM image of core (bottom) and 
amorphous layer (top) of a nanowire, and inset, EDX analysis of marked areas. 
 
3.3.3 MACE reaction kinetics 
Another great advantage of the MACE method is that the length of the SiNWs can be easily 
controlled by the etching time. Temperature also plays an important role on the MACE 
process, highly affecting the etching rate. Therefore, it is necessary to study the influence of 
the temperature in the kinetics of the reaction in order to further control the growth of the 
SiNWs. This study has been performed, figure 3.6A, selecting three temperatures: 50ºC, 
30ºC and 8ºC, and measuring the length of the nanowires from FESEM cross-section images 
of the samples. As expected, the analysis shows that when the temperature of the reactants 
is increased, the etching rate also increases, obtaining values of 23 nm/s, 10 nm/s and 3.3 
nm/s for the mentioned temperatures respectively.  From this rates of grow, an Arrhenius 
plot can be obtained70, figure 3.6B.  
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The slope of the graph, according to Arrhenius equation, Equation 3.1, where k is the rate 
constant (rate of grow in our case), A the pre-exponential factor, R the gas constant and T 
the temperature, is related with the activation energy (Ea) of our process. This activation 
energy was found to be 0.359 eV, in a very good agreement to other similar systems in the 
bibliography70.  
 
Figure 3.6 A) Graph of the lengths of the nanowires vs etching time, for different temperatures. B) 
Arrhenius plot of the obtained rates of grow shown in A). 
 
3.3.4 Anti-reflective properties of the SiNWs-covered surface 
After a thorough morphological, structural and chemical characterization of the SiNWs and 
the subsequent extensive description of the etching process and its parameters, the SiNWs 
were tested as antireflective coating.  
For that purpose, 10 µm long SiNWs were grown on (100) c-Si wafers and its hemispherical 
reflectance was obtained. For comparison, the starting wafer and a commercial solar cell 
(REC), were also measured in the same conditions, figure 3.7 top. It is worthy to say that 
the commercial solar cell was provided with an antireflective etching treatment and an 
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antireflective SiNx layer. Moreover, the measurement of this commercial cell was performed 
avoiding the contact fingers which could increase their reflectivity. As can be seen in figure 
3.7 top, the reflectance is dramatically reduced when the SiNWs were grown on top of the 
silicon wafer, obtaining an average reflectance in the 250-1000 nm wavelength range, lower 
than 1%. This value is significantly lower than the commercial solar cell tested, which has an 
average of 5% in the mentioned range, without taking in to account the peak centered in 370 
nm. In fact, the reported value is even lower than those shown in the literature71–73.  
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Figure 3.7 Hemispherical reflectance measurements on monocrystalline samples (top) and on 
multicrystalline samples (bottom). 
 
A similar analysis was performed on the SiNWs grown on the mc-Si, figure 3.7 bottom. The 
length of the SiNWs were 10 µm and, doing as before, the starting substrate and a 
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commercial multicrystalline solar cell were measured to make a comparative study. In this 
case, the starting substrate was not polished, so the reflectance reduction when the SiNWs 
are grown is not as sharp as in the c-Si case. Even so, the reduction it is still remarkable. On 
the other hand, when the SiNWs are compared with the commercial cell (GINTECH), the 
last one shows a better performance for wavelengths higher than 500 nm, while the SiNWs 
have better response below this wavelength. Still, the average reflectance in the 250-1000 nm 
range was lower for the SiNWs. 
The higher reflectance of the SiNWs in mc-Si compared with the SiNWs on c-Si, is related 
with the presence of different crystalline orientations in the mc-Si. When there is a crystalline 
orientations different to the {100}, the SiNWs grow slanted. The slanted SiNWs have a 
bigger amount of surface facing the incoming light and, therefore, show a higher reflectance. 
The results shown in figure 3.7 proof the usefulness of the MACE method for obtaining 
highly absorbing surfaces. These SiNWs covered surfaces can match, or even surpass, other 
more complex anti-reflective solutions which usually involves numerous steps and layers.  
3.4 Conclusions 
As conclusions of the chapter the following results can be highlighted: 
The MACE used for SiNWs growth has a preferential etch direction in [100] regardless of 
the crystalline orientation of the surface. The mentioned fact implies that when the MACE 
is applied over a surface with a crystalline orientation {100}, straight SiNWs are obtained. 
However, if it is applied in a surface different from the {100}, the SiNWs grow slanted. 
It was also obtained by XPS and EDX-TEM analysis, that the SiNWs synthetized have a 
crystalline core surrounded by a thin silicon oxide wrapping layer. 
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Furthermore, a detailed study on the kinetics of the MACE has been accomplished. The 
etching rates corresponding to different temperatures, as well as an activation energy of 0.359 
eV for the etching reaction, were obtained.  
To conclude, the SiNWs have been tested as antireflective layer, obtaining an average value 
lower than 1% for nanowires grown in c-Si and lower than 10% for the ones grown on mc-
Si. These values are extremely low and they are even better than the ones of actual 
commercial cells. 
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Chapter 4:  
CNTs as conductive and 
transparent layers 
4.1 Introduction 
In the previous chapter, the SiNW-covered surfaces have proven to be a very good anti-
reflective layer, being even better than some commercial options. However, for their 
application in solar cells is not only necessary to have a good absorption, but also the quality 
of the surface plays a very important role. When a photocarrier is generated in a solar cell, in 
order to contribute to the current generation, it has to be gathered before it recombines. The 
surface impurities, or even the dangling bonds of the surface, can act as traps where the 
photocarrier can get caught and recombined before being collected. This effect is called 
surface recombination and can highly affect the efficiency of a solar cell74. In fact, the 
mentioned effect is one of the biggest drawbacks of the SiNWs. The massive increase of 
surface, due to the formation of the nanowires, leads to an increment of the surface 
recombination75. For this reason, it becomes necessary to find an effective way to mitigate 
this effect. It can be done through two approaches: passivating the surface or collecting the 
photocarriers in shorter distances. 
The work in this chapter focuses on the second approach. For this purpose, usually 
transparent and conducting oxides (TCOs) layers are used. However, in the SiNWs case, 
their sharp shape and low separation do not allow the formation of a proper film73, which 
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leads to low efficiency problems. Therefore, it is necessary to substitute the TCOs with 
another material with similar properties, and which can be adapted to the SiNWs surface. 
For this purpose, carbon nanotubes directly grown over the SiNWs by a CVD process, have 
been investigated. A full chemical and structural characterization of the nanotubes have been 
performed and their conductive and transparent properties have been analysed. 
4.2 Experimental 
The growth of the CNTs was performed on a CVD system using alcohol as carbon source 
and the bimetallic Co-Mo nanoparticles as catalyst76. The growth was carried out on SiNWs-
covered surfaces. The CNT growth method consists of two consecutive steps. Firstly, the 
bimetallic catalyst was deposited on the surface of the sample by dip-coating into Mo and 
Co acetate solutions. After each dip-coating, the samples were calcined at 400ºC for 4 
minutes. The molybdenum acetate solution had 0,02 g of Mo(CH3COO)2 salt per 100 ml of 
absolute ethanol, and cobalt acetate solution had 0,04 g of Co(CH3COO)2·4H2O salts per 
100 ml of absolute ethanol. 
 After catalyst deposition, the synthesis of the CNTs was made using a thermal CVD system 
at atmospheric pressure. Samples were placed inside the reactor and heated up to 800ºC 
under a 750 ml/min argon and 75 ml/min hydrogen flow during 24 minutes, in order to 
reduce the catalyst. Then, argon plus hydrogen flow was replaced with a nitrogen mixed with 
ethanol flow, scheme 2.2. This flow was kept constant for 20 minutes at 800ºC. After this 
time, the system was cooled down to atmospheric temperature under an argon flow. A 
schematics of the thermal treatment process is shown in scheme 4.1. 
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Scheme 4.1 Flow and temperature diagram of the growth process of the CNTs. 
 
In order to extract the electrical properties of the CNTs, some SiNWs samples were 
subjected to a wet oxidation in the thermal CVD furnace. The samples were placed in the 
reactor which was heated up to 900ºC under N2 flow of 500 sccm. Once the temperature 
reached the 900ºC, to the N2 flow, water was incorporated through bubbling similarly as 
ETOH in scheme 2.2. The process is summarized in scheme 4.2. 
 
Scheme 4.2 Diagram of the wet oxidation process in CVD furnace. 
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4.3 Results and discussion 
4.3.1 Morphological characterization 
The growth method used generally produces vertically-aligned single-walled carbon 
nanotubes76,77 when planar silicon or quartz substrates are used. However, in this case, the 
singular morphology of the silicon nanowires leads to the formation of an interconnected 
net, figure 4.1A. This net formation may come from the fact that the catalyst nucleation sites 
are in the side-walls and peaks of the SiNWs. These surfaces are rather parallel one to each 
other, so when the CNTs grow perpendicular to them, they find a neighboring wall or peak 
to which they get attached, interconnecting all the SiNWs. As result, the whole “forest” of 
nanowires is inter-connected by their uppermost points through the CNT net.  
 
Figure 4.1 FESEM images of the CNT nets grown on SiNWs, top-view (A) and cross section (B). 
 
It was also found that the net only grows very close to the top surface. The depth where the 
net is usually find is less than 200 nm, figure 4.1B. It is necessary to point out that in figure 
4.1B, a 5 nm Au layer was deposited to improve the visibility of the CNTs. Therefore, the 
apparent thickness of the CNTs in the image is not representative of their true diameter. 
A B
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4.3.2 Structural characterization 
The structural characterization of the carbon nanotubes is essential due to the fact that both 
optical and electrical properties of the surface depend significantly on the type of nanotubes 
(single- or multi-walled). For this purpose, Raman spectroscopy have proved to be a very 
powerful tool, not only being capable of distinguishing between single and multi-walled 
CNTs, but also giving important details about their electrical nature. Raman spectroscopy 
was performed on the CNT net on SiNWs, obtaining spectra as shown in figure 4.2A. In 
this spectrum, the presence of the RBM, D, G and G’ bands points out that the CNTs could 
be single- or double-walled78. However, the frequency at which the RBM appears (233 cm-1) 
clearly indicates that the CNTs are single-walled79.  
BdAw tB      Equation 4.1 
Additionally, the frequency of the RBM can be used to obtain the average diameter of the 
SWCNT from the empiric relation in equation 4.1. In this equation, the constants are 
typically A= 234 cm-1 and B=10 cm-1 for SWCNTs bundles78,80, leading to an average diameter 
of 1.04 nm. 
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Figure 4.2 A) General Raman spectrum of the CNT net with the main vibrational bands of the 
CNTs marked in green and the ones corresponding to the silicon marked in red. B) the fitted D and 
G bands of the Raman spectrum.  
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On the other hand, the electrical nature of the nanotubes is given by the G and D bands. In 
particular, the deconvolution and fitting of the G band in terms of Lorentzian-shaped curves, 
figure 4.2B, can provide information about the electrical nature of the nanotubes. In this 
case, the Lorentzian shape of the G- peak and its low intensity relative to the G+ peak, points 
out a predominant semiconductor behavior78. However, the widening of this Lorentzian 
shape also indicates the presence of nanotubes with metallic nature. It can be concluded that 
there is a mixture of both types of carbon nanotubes, a common result in large scale 
synthesis81 due to differences in their chiralities82. 
The G and D bands can also provide information about the quality of the CNTs, as the ratio 
between their intensities can be used to get the defect concentration78. From figure 4.2B this 
ratio can be extracted, ID/IG ≈0.1, indicating that the defect concentration is very low. 
The fact that the CNTs are single walled, with some metallic behavior and high purity, is a 
great starting point for the application of this material as conductive and transparent films83,84.   
4.3.3 Optical properties  
After Raman characterization, the optical properties of the CNT net were obtained by the 
analysis of hemispherical reflectance measurements. This technique was selected because the 
high absorption of the SiNWs would not allow the use of other techniques as transmittance 
configurations or ellipsometry. Two sets of samples were fabricated to isolate the 
contribution from the CNT net. The first set was composed by SiNWs samples with CNT 
net over them. The second one, SiNWs samples with all the CNT growth procedure but 
without introducing alcohol in the CVD during the growth. This way, the properties of the 
CNT net could be distinguished without introducing parameters associated to the lack of 
catalyst or thermal treatment. The results obtained are displayed in figure 4.3, where it can 
be seen that the reflectance of the sample with SiNWs is very low, decreasing even further 
with CNT net over them. From these results it can be obtained the absorption of the CNT 
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net by subtracting the SiNWs spectrum to the one of the SiNWs with CNTs. This 
absorption, in the 250 nm to 900 nm wavelength range, was lower than 1%. This means that 
the transparency of the CNT net is over the 99%, which is a good result in comparison with 
other results from the literature83,85–87 with CNT layers. However, in transparent and 
conductive layers (TCL), there is always a trade between transparency and conductivity. 
Therefore, in order to compare our CNT net with other TCLs it is necessary to get its 
conductive properties. 
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Figure 4.3 Hemispherical reflectance of SiNWs-covered surface with and without CNTs grown on 
them. 
 
4.3.4 Electrical behavior 
In order to experimentally obtain the electrical properties of the CNT net, four-point probe 
measurements were performed. The measurements were done over samples in different 
stages of the CNT net grow and with different treatments. On Table 4.1, the results are 
summarized, where the reference Si corresponds to pristine silicon wafer substrate. The 
nomenclature Si +SiNWs corresponds to the pristine Si after the SiNWs growth. The Si 
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+SiNWs+CNTs corresponds to SiNWs samples with CNTs. The Si +SiNWs + SiO2 
corresponds to SiNWs samples heavily oxidized by a wet oxidation on a CVD. Finally, the 
samples Si +SiNWs + SiO2 + CNTs were the oxidized samples with CNTs grown on them. 
Table 4.1 Sheet resistance values of samples in each step of the CNT net growth process 
Samples 
 
Average Sheet Resistance 
(Ω/□) 
Standard Deviation 
(Ω/□) 
Si 70 5 
Si + SiNWs 80 5 
Si + SiNWs +CNTs 3000 500 
Si + SiNWs + SiO2 ∞  
Si + SiNWs + SiO2 +CNTs 3200 500 
 
It was found that all samples with carbon nanotubes shown the same sheet resistance (RS), 
regardless of the substrate on which they were grown. This can be easily seen in Table 4.1, 
as samples Si +SiNWs+CNTs and Si + SiNWs + SiO2 + CNTs have almost the same RS 
value, despite their substrates had very different resistance value. The mentioned fact is even 
clearer when comparing the oxidized samples Si +SiNWs + SiO2 with the Si +SiNWs + SiO2 
+ CNTs. Before the CNT growth, the RS of the oxidized sample was so high that it was 
impossible to measure. After the CNT growth, its RS value changed to 3.2 kΩ/□, a value in 
the range of the other of our samples with CNTs. This proves unequivocally that the 
measured RS value of 3 kΩ/□ was the one of the CNT net without any interaction from the 
substrate. A very low value for such a thin (nanometric size) and transparent layer (~99%). 
Despite the obtained RS value is in the range of those reported by other groups in the 
literature83–87 , the low absorbance value measured leads to a better relationship between 
transparency and RS. Probably one of the reasons why this relationship is better, is because 
our procedure creates an interconnected net from the beginning, while in other procedures 
the individual CNTs are grouped in the deposition83,85. Also, as the CNTs have been grown 
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directly over the surface of the SiNWs instead of being deposited, the contact between the 
SiNWs and the CNTs is expected to be better.  
In spite of the good results achieved, there are still some drawbacks that have to be taken in 
account. The obtained RS is still considerably higher than the ones shown by the TCOs, 
which are in the range of hundreds of Ω/□. To further improve the RS values of the CNT 
net it would be necessary to increase the density or thickness of the CNT net. However, in 
the tested conditions, the presented growth method does not allow the control of these 
parameters. This should be the objective of future research on the subject.  
Opposite to this drawback, the reported method offers a simple way for obtaining a low 
resistance and high transparent film over a surface where the TCOs cannot be used. 
4.4 Conclusions 
Carbon nanotubes (CNTs) were synthetized by alcohol catalytic chemical vapor deposition 
(CVD) on SiNWs previously grown by MACE. By the selected growth method, a shallow, 
continuous and interconnected CNT net was obtained on top of the SiNWs. The CNTs were 
analyzed by Raman revealing a single-wall structure with an average diameter of 1 nm. 
Moreover, further analysis of CNTs Raman spectra shown a very low defect concentration 
and a mixed conductive-semiconductive nature.  
The transparency and sheet resistance of the CNT net have been investigated by 
hemispherical reflectance and four-point probe respectively. It was obtained an excellent 
compromise between light absorption and conductivity, being comparable, or even better, 
than other methods in literature.  
This layer has demonstrated to be a valid substitution of the TCOs, which are hardly 
applicable in the SiNWs surface. 
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Chapter 5: 
 SiNWs growth with patterns 
5.1 Introduction 
In the previous chapter the high recombination problem of the SiNWs was addressed by 
reducing the path that the photocarriers have to travel before being collected. However, as 
it was mentioned before, there is a more direct approach to this problem, the reduction of 
the recombination through surface passivation.  Passivation of silicon is usually achieved by 
the deposition of thin dielectric layers such as SiCx, SiNx
88, a-Si:H89 or Al2O3
90. These layers 
fill the dangling bonds of the surface, which act as traps for the photocarriers, reducing the 
recombination process. Nevertheless, the sharp shape of the SiNWs hinders the proper 
deposition of any type of layer. Moreover, the low separation between the SiNWs does not 
allow a full coverage of their surface, leading to an inefficient passivation91. In order to avoid 
these problems, some attempts have been made using thermally grown SiOx as passivation 
layer92. However, it was found that the segregation of impurities to the oxide layer neutralized 
the passivation effect92, making this option not feasible.  
All these difficulties require a new approach to the problem. The lack of control of the 
SiNWs separation prevents an efficient passivation of the surface, then, this chapter focuses 
on the development of an effective way to control the SiNWs diameter and separation. The 
applications of SiNWs with controlled characteristics are not restricted to solar cells. Other 
fields such as energy storage, nanoelectronics and nanophotonics can get benefit from the 
diameter control, as very thin (~5 nm) semiconducting nanowires have proven to be 
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promising building blocks for future FETs93,94 , LEDs95,96, lithium ion batteries97 and many 
other nanodevices12. 
In order to achieve the desired controllability, in the present chapter, patterns are used for 
the catalyst deposition. As it was highlighted in the introduction chapter, by controlling the 
pattern of the catalyst, the morphology of the SiNWs can be effectively modified. In the 
literature, numerous methods have been used to create an appropriate pattern5,13. One of 
them is the anodic aluminum oxide membrane (AAO). The AAOs have been extensively 
used as patterns in numerous applications98, due to the precise controllability of their pores 
and interpore distances through growth paremeters99–101. Traditional two step AAOs, grown 
on Al foils, have been previously used in conjunction with the MACE to obtain SiNWs102. 
However, in the present work, it is explored an effective but largely unused method to 
directly grow the AAOs over the surface of the Si103,104 for the growth of patterned SiNWs. 
5.2 Experimental 
The synthesis of the AAO was performed over a p-type (1-10 Ωcm, Boron doped, 300 µm) 
<100> monocrystalline silicon wafer. First, the substrates were cleaned following the 
procedure described in chapter 1, which consists on the consecutive sonication in acetone, 
IPA and DI water followed by a 30 minutes bath in piranha solution and ending with an 
oxide removal in HF 5%. After cleaning, the Si substrates were introduced in a magnetron 
sputtering equipment (described in chapter 2, section 2.1.2) and high vacuum (1x10-6 torr) 
was reached. The deposition of Al was performed using an Al 99.999% target (Goodfellow), 
at a pressure of 1x10-2 torr, with an Ar 99,99995% flow of 3 sccm and a RF power of 120 W. 
Deposition was performed at room temperature. In order to improve adhesion, after the Al 
deposition, samples were annealed in a tubular CVD furnace at a fixed temperature of 350ºC 
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for 2 hours under a 500 sccm N2 flow. A diagram of this annealing is displayed in scheme 
5.1. 
 
Scheme 5.1 Diagram of the annealing process of the Al in a tubular furnace. The duration of each 
step, temperatures and fluxes are displayed in the scheme. 
 
Subsequent to the annealing process, the samples were ready for the two step AAO 
membrane formation. The anodizations were conducted in different electrolytes, 
temperatures and voltages which are described in the results section of the chapter. The 
anodization time was adjusted for the thickness of the deposited Al. For thicknesses of 300 
nm, the duration of the anodization was settled to 200 seconds. Each anodization transforms 
approximately half of the deposited Al, accordingly to our observations and the previously 
reported AAO grow rates98. After the first anodization a poorly ordered membrane is 
generated, figure 5.1A. The irregular AAO is removed by a CrO3 1.6% and H3PO4 6% 
etching solution at 20ºC for 30 minutes. The CrO3/H3PO4 solution just eliminate the Al2O3 
of the membrane, leaving shallow pits on the Al layer that will contribute to a better ordering 
in the second anodization. Consecutively to this oxide removal, the second anodization was 
conducted with the same electrolyte, temperatures, voltages and duration of the first 
anodization. As a result, a highly ordered AAO membrane is obtained, figure 5.1B. 
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Figure 5.1 Top view FESEM images of the AAO after first anodization, A) and second anodization 
B). 
 
Subsequent to the AAO formation, the catalyst was deposited on top of the membrane. Two 
catalyst were tested: Au and Ag. The Au was deposited with a pulsed plasma sputtering 
(Quórum, Q150T-S) and the thicknesses were ranged between 10 and 20 nm. The Ag film 
was also grown by sputtering with thicknesses ranged between 10 and 30 nm. 
Once Au or Ag were on top of the membrane, the etching of the MACE was conducted. 
For this process, only the HF/H2O2 solution was used. Different molar ratios (
][][ 22OHHF ) were applied to Au and Ag catalysts; for Ag it was ε=24 (the same as in 
chapter 3) and for Au was ε=10. The use of different ε in each system, is due to the higher 
catalytic activity of Ag in the reduction of the H2O2. Therefore, to keep similar etching rates 
with both catalysts, the amount of H2O2 was increased for the Au. 
After the growth of the SiNWs, the catalysts were removed. The Ag was removed by a 30 
minutes bath in 65% nitric acid and the Au by a 30 minutes bath in Agua Regia (HNO3/HCl 
in a volume proportion 1/3). 
A complete scheme of the whole process is displayed in scheme 5.2. 
A B
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Scheme 5.2 Diagram of the steps performed for the synthesis of AAO patterned SiNWs 
 
5.3 Results and discussion 
5.3.1 AAO membranes: parameters and control 
The traditional AAO procedure in Al foil usually begin with the electropolishing of the 
surface105. This pretreatment of the substrate improves the order of the final AAO, as any 
roughness or defect can disrupt the self-assembly process, leading to an alteration of the pore 
arrangement98. However, in deposited Al layers the application of this electropolishing 
resulted in the peeling off of the whole Al layer. For this reason, the purity of the surface has 
to be controlled during the deposition of the Al layer. If the roughness of the layer is too 
high, figure 5.2A, the anodization process results in a very poorly ordered pore array and 
irregular pores shapes, figure 5.2B. However, if the roughness is reduced, figure 5.2C, the 
arrangement of pores is more ordered, as well as the pores shape, figure 5.2D. 
1.- Aluminum deposition 2.- Aluminum annealing
3.- Membrane formation
4.- Catalyst deposition
5.- SiNWs formation
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Figure 5.2 Top-view FESEM images of Al layers with different roughness before anodization (A 
and C) and after anodization (B and D). The AAO formation process for B and D was done with the 
same conditions.  
 
Another important step previous to the membrane formation, is the annealing of the 
deposited Al. In AAOs grown on Al foil, annealing is not always necessary because the 
substrates usually have good crystalline structure. However, in deposited Al, this step is 
crucial. It improves the adhesion of the Al with the underlying Si substrate, making it harder 
to peel off during AAO synthesis. 
The anodization process can be done with a large number of electrolytes106, but the most 
commonly used are: sulfuric, oxalic and phosphoric acids. In Al foils, each of these acids 
have been reported to produce a determined pore diameter and separation98. Therefore, the 
sizes of the AAO features can be ranged from small ones, obtained with the sulfuric acid, to 
A B
C D
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bigger ones, produced by the phosphoric. This behavior is extremely useful as it provides a 
first approach for selecting the features of the membrane.  
In order to check if the three mentioned electrolytes behave in the deposited aluminum as 
they do in the Al foil, a systematic study was performed to characterize their pore and 
interpore sizes. This study has not been found in the literature and it is fundamental because 
the Al/Si system is quite different from the Al substrate. One of the most important 
differences is the thickness limitation of Al in Al/Si systems. In Al substrates, the regular 
structures are achieved by long anodization times which consume large amounts of Al. 
However, in Al/Si the anodizations are restricted to the amount of Al deposited, making 
more difficult the achievement of structures as regular as in Al substrates. As a consequence, 
AAOs in Al/Si show a wider size distribution which is necessary to obtain. The study of the 
size distribution was performed using the standard voltages for each electrolyte, being 25 V 
for the sulfuric acid, 40 V for the oxalic acid and 60 V for the phosphoric acid. The 
temperature used was 10ºC and the anodization times and Al thicknesses were the same.  
The results are displayed in figure 5.3. For the sulfuric acid it was obtained a narrow size 
distribution, both for the pore size, figure 5.3B, centered in 40 nm and the interpore distance 
(measured between centers) centered in 60 nm, figure 5.3C. In the case of the oxalic acid, 
the diameter distribution is also very narrow, centered in 55 nm, figure 5.3E, but the 
distribution of the interpore distance is wider, centered in 80 nm, figure 5.3F. The 
phosphoric acid shows a wide size distribution both for the diameter, figure 5.3H and 
interpore distance, figure 5.3I, having their mean value at 90 nm and 140 nm respectively. 
In SEM images it can be observed a regular rounded shape for the membranes grown in 
sulfuric and oxalic acids (figure 5.3A and figure 5.3D respectively), while the phosphoric 
acid shows a much more irregular pore shape, figure 5.3G. All the histograms shown in 
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figure 5.3 were made by measuring at least 140 distances (diameters or interpore) from 
FESEM images of different areas along the membrane. 
 
Figure 5.3 Top-view FESEM images of membranes grown in sulfuric A), oxalic D) and phosphoric 
G) acids. B), E) and H) are pore diameter histograms of the AAO grown with the mentioned 
electrolytes. C), F) and I) are interpore distance histograms of the AAO grown with the electrolytes 
displayed in each histogram. 
 
Analogously to Al substrates, the AAOs in Al/Si show an increasing pore diameter and 
interpore separation with the use of sulfuric, oxalic and phosphoric acids. However, there 
are significant differences in the manner these acids influence the AAO features produced 
in Al/Si. The first important observation is that the 10% porosity rule of the AAO 
membranes107 is not followed. This rule stablishes that the self-ordering of the AAO 
membranes always leads to a porosity of the 10%, where the porosity of the AAO is 
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determined by the equation 5.1, being P the porosity, r the pore radius and di the interpore 
distance.  
2
3
2



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


id
r
P

    Equation 5.1 
Nevertheless, it is no surprising that the 10% porosity rule is not followed in the present 
system, because this behavior is only observed in self-order regimes, in which pores forms 
hexagonal arrays. However, it was found that for the Al/Si system, all the samples lead to a 
same porosity value, but instead of being the 10% it was obtained to be the around 40%. 
The mentioned result indicates that the Al/Si system not only decreases the order of the 
AAO membranes but it also changes the relationship between pore diameter and interpore 
distance, inducing a porosity of 40%. It is important to mention the quite big error in the 
porosity, a 20%, due to the standard deviation of both diameter and interpore distances. This 
high error does not allow to set the 40% as an absolute value for the porosity. Nevertheless, 
is truly remarkable that all the samples analyzed both in this study and the ones in the 
following pages, led to a value very close to the 40%.  
As it has been described, by choosing an appropriate electrolyte, a mean pore diameter can 
be selected. Furthermore, the pore diameters obtained with each electrolyte can be tuned by 
changing the anodization conditions. Voltage99,108 and the temperature108, are the factors that 
allow the change in the pore size and interpore distances. The influence of these parameters 
in the mentioned features are related with the interdiffusion of the Al3+ and O- ions between 
the acidic electrolyte and the Al through the Al2O3. When the voltage grows, the electric field 
in the walls of the pores becomes stronger. The increased electric field permits the ionic 
species to reach further distances from the pore center, making thicker pore walls and 
enlarging the interpore distances. Also, voltage stimulate the electrolyte and allows the oxide 
removal during the grow stages, therefore, a higher voltage intensifies this effect, producing 
Chapter 5  
 
50 
 
bigger pores108. On the other side, the temperature increases the dissolution of the oxide as 
well as the diffusivity and availability of ionic species108, affecting both diameter and interpore 
distances.  
In figure 5.4A, it can be observed the influence of the voltage in the interpore distance, 
leading to an approximate augment of the interpore distance of 20 nm each 10V. This trend 
is kept for all the electrolytes, also there is a simultaneous increase of the pore diameter that 
keeps the porosity value constant at 40%.   
Despite of the high tunability of  the membrane parameters with the voltage, the range in 
which the voltage can be set for each electrolyte is very narrow, being typically 19-25V for 
sulfuric, 40-70V for oxalic and 60-90V for phosphoric98,99,105 (in mild anodization conditions). 
In Al substrates, interpore distance and voltage are related by the well-known experimental 
expression, equation 5.2, being di interpore distance and Ua the anodization voltage
99.  
ai Ud 81.27.1      Equation 5.2 
However, as it is shown in figure 5.4A, the samples grown in Al/Si systems does not follow 
the mentioned relationship and their linear adjustment has a considerable lower slope of 
Vnm /2.01.2  . The obtained expression is extremely important, because it allows an easy 
manner to select the growth parameters for the desired membrane characteristics. Besides, 
the divergence of the data with the experimental model which applies in Al substrates, once 
more points out substantial differences between the both systems. 
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Figure 5.4 A) Interpore distances vs the voltage of the anodization of various electrolytes. The 
reference experimental relationship for the AAO grown in Al substrates is also displayed. B) Pore 
diameter and pore separation as a function of the temperature are represented. All samples were 
grown in sulfuric acid at a voltage of 25 volts. C) Top view FESEM image of the anodization made 
at 20ºC. 
 
Figure 5.4B represents the pore diameter and separation as a function of the temperature 
of the anodization with sulfuric acid at the standard 25 V anodization process. It can be 
observed that the increase of the temperature can slightly change both interpore distance and 
diameter. However, it is worth to mention that the working temperature range is very narrow, 
and at temperatures as high as 20ºC, the membrane is destroyed, figure 5.4C. 
The interpore distance can only be modified by changing the anodization conditions as it has 
been already shown. However, the pore diameter can be incremented by a post processing 
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of the membrane with a phosphoric acid treatment109. This acid is an Al2O3 removal that 
applied to the AAO membrane, slowly dissolve the pore walls increasing the pore diameters.  
In order to obtain the pore enlargement rate of the treatment, the phosphoric acid was 
applied to an AAO grown with oxalic acid at standard conditions (10ºC, 40 V). The 
procedure was done at room temperature (20ºC) using a concentration of H3PO4 of 5%. 
Results are displayed in figure 5.5. 
When the acid is applied for times lower than 40 minutes, a constant pore enlargement rate 
of 0.57 nm/min is found, figure 5.5A. For this range of treatment durations, all pores grow 
similarly, keeping almost the same size distribution, figures 5.5B-C. However, when the 
treatment durations are higher than 40 minutes, the trend is no longer followed, figure 5.5A. 
This behavior occurs because the diameter of the pore reaches its maximum value at the 
interpore separation. The mentioned fact is shown in figure 5.5A, where after almost an 
hour of acidic treatment, the diameter of the pores is limited to the mean interpore distance 
(80 nm). This result can be appreciated in figure 5.5D, where the walls separating the pores 
are very thin. However, histogram in figure 5.5D also shows some pores much bigger than 
the mean interpore distance. This is due to the excessive duration of the enlargement 
treatment, which destroy the walls between pores making double pores, figure 5.5D. 
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Figure 5.5 A) Mean pore diameter vs acidic treatment duration. B)-D) FESEM top-view images of 
membranes after the indicated pore widening treatment. Inset their corresponding histograms. 
 
5.3.2 MACE on AAO membranes 
In this section, the precise control of the AAO synthesis achieved, is used for the growth of 
patterned SiNWs by MACE.  
As it was described in the experimental section of the chapter, previous to the etching bath 
of the MACE, the catalyst is deposited by a physical method over the pattern. Two catalyst 
were tested, Ag and Au. The first consideration to take into account is that the deposition of 
the catalyst produces a pore diameter reduction. The mentioned fact can be seen in figure 
5.6A-C, were the as-produced membrane with a pore diameter of 39 nm, figure 5.6A, gets 
its diameter reduced to 33 nm after a catalyst deposition of 15 nm, figure 5.6B, and to 28 
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nm after a deposition of 30 nm, figure 5.6C. On average, it was found that the diameter 
reduction after the deposition of 15 nm of catalyst (that was stablished as the standard) was 
between 4-6 nm for both catalysts.  
 
Figure 5.6 A) to C) top-view FESEM images of a same AAO membrane as-produced, after a catalyst 
deposition of 15nm and 30 nm respectively.  
 
Both catalysts were tested in the next step of the procedure, the MACE process. It is worthy 
to mention that prior to using samples with the catalyst on the membrane, it was checked 
that the AAO membrane is removed when introduced into the MACE etching solution. 
Therefore, to put the catalyst in contact with the Si for the etching, no extra step has to be 
performed. Just introducing the membrane with the catalyst into the MACE etching solution 
should lead to the formation of a stand-alone catalyst membrane in contact with the Si. 
However, it was found that for the Ag this does not happen, the Ag layer lose the shape of 
the pattern very rapidly when introduced into the etching solution, figure 5.7A, no matter 
the thickness of the Ag layer.  On the other hand, the Au keeps almost perfectly the shape 
of the membrane, figure 5.7B. The reason of the behavior of the Ag membrane into the 
MACE etching solution, is the low electrochemical potential of the Ag13. This leads to a 
dissolution/redeposition process that changes the shape of any deposited particle or layer to 
a rounded shape particle67,110. Then, the Ag under the tested parameters is not suitable for 
the pattern MACE method.  
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Figure 5.7 A) FESEM top-view image of an Ag deposition on a membrane after the MACE etching 
procedure and B) an Au deposition after the MACE etching. 
 
During the first attempts applying the MACE with patterns, it was observed that the 
procedure led to a complete peel off of the membrane and catalyst, preventing the growth 
of SiNWs. Cross section FESEM images of the whole system Au/AAO/Si were taken, 
figure 5.8, in order to examine the interfaces between layers. It was observed that if 
anodization time is prolonged when the Al has been consumed, the inner Si gets modified, 
figure 5.8A. The voltage enhanced electrolyte probably oxidize the Si beneath the Al forming 
the observed porous layer. Once the sample is introduced into the MACE, this oxide layer 
is instantaneously removed by the action of the HF. This produces the observed peeling off 
the AAO with the catalyst. The mentioned problem can be solved by adjusting the 
anodization time to the Al thickness, figure 5.8B. This way no porous layer or peeling off 
were observed. 
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Figure 5.8 Cross-section FESEM images of AAO membrane on Al/Si with and excess of 
anodization time, A), and a membrane with an anodization time adjusted for the Al thickness B). 
 
Once the peeling off and catalyst shape modification problems were addressed, the pattern 
MACE process finally led to the SiNWs formation. As a result, a dense forest of SiNWs with 
homogenous diameters could be obtained, figure 5.9A. The shape of the pattern during the 
etching is well kept and properly transferred to the SiNWs, figure 5.9B. However, it was 
observed that the diameter of the obtained SiNWs was a bit lower than expected. Several 
membranes were measured as-produced and the diameters of the SiNWs grown with those 
membranes were analized by FESEM, figure 5.9C. Through the mentioned analysis it was 
obtained an average diameter reduction of around 15 nm. This diameter reduction is 
consistent with the mechanics of the MACE process, as the catalyst has an area of effect of 
a few nanometers where the etching is produced13. This effect, overlapped with the closure 
produced by the catalyst deposition, can explain the diameter reduction. As a consequence, 
the diameter difference between the pores of the AAO and the SiNWs, is intrinsic of the 
method and has to be considered when selecting the diameter of the pattern. 
Similarly to the MACE processes in other chapters, the length of the SiNWs is easily 
controlled through the duration of the etching. However, as the catalyst and solution molar 
ratios are different from the ones saw in the first chapter, the etching rate would be also 
A B
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different. For this reason, it is necessary to investigate again the etching rate of this new 
system by the analysis of cross-section FESEM images, figure 5.9D. The study was 
performed with solutions at room temperature and with a catalyst thickness of 15 nm. It is 
worthy to mention that the catalyst thickness has its importance, because it has been proved 
to affect the etching rates110. 
 
Figure 5.9 A) cross-section and B) top-view FESEM images of SiNWs grown with AAO patterns. 
C) diameter reduction of the SiNWs for different AAO. D) Length of the SiNWs vs etching time.  
 
In order to check if the modifications of the MACE process (change of the catalyst and 
molar ratios) involved changes on the surface morphology of the SiNWs, nanowires grown 
through the patterned MACE were analyzed by TEM. By this technique it was corroborated 
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the good diameter homogeneity of the obtained SiNWs, figure 5.10A, and, also, that the 
surface oxide around crystalline core was as thin or even thinner than in the common MACE 
SiNWs (~3nm vs ~5 nm), figure 5.10A inset. This important result indicates that in this 
AAO/Si system, the good properties of the SiNWs are kept untouched.  
After the exhaustive analysis performed, the diameter, separation and length of the SiNWs 
could be precisely controlled. Therefore, it was tested if the improved separation of the 
nanowires could facilitate the deposition of layers on top of the SiNWs. In order to do so, 
Al was simultaneously deposited on top of standard SiNWs, figure 5.10B, and on top SiNWs 
growth by AAO pattern, figure 5.10C. In this images it can be clearly seen how the small 
separation of the standard SiNWs leads to a very inhomogeneous covering of the surface, 
coating only the tips and some exposed surfaces of the SiNWs. On the other hand, the 
patterned SiNWs have all their surface fully covered, even allowing the coverage of their 
bases and the substrate. This result has an extraordinary transcendence for the passivation 
of SiNWs, which is, right now, probably the biggest drawback that SiNWs have for their 
application in solar cells. Moreover, this result, as well as the high controllability of each 
aspect of the SiNWs that the method offers, could be beneficial to many other applications.  
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Figure 5.10 A) TEM image a bundle of SiNWs grown through AAO pattern and inset a zoom of a 
single SiNW with a very thin oxide layer. B) Standard SiNWs with a coverage of 150 nm of Al. C) 
SiNWs grown with AAO pattern with a coverage of 150 nm of Al.  
 
5.4 Conclusions 
In this chapter AAO membranes with controlled characteristics has been successfully grown 
directly on top of Si substrates. The influence of all the anodization parameters on the 
resulting membrane have been addressed, pointing out noticeable differences with the 
process on Al substrates. Among this differences, it can be highlighted the change in the 
10% porosity rule, which in this studied system lead to a porosity of ~40%. Furthermore, it 
is noticeable the change observed in the empiric relation between interpore distances and 
anodization voltage. 
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Once the control of the membrane parameters was completely studied, the patterned MACE 
was applied to the growth of the SiNWs. Ag and Au were tested as catalyst, and from them, 
Au was the only one capable to transfer the patterns to the Si, generating SiNWs. The SiNWs 
arrays grown with patterns allow the deposition of subsequent films obtaining an extremely 
good coverage of the surface, which is not possible to achieve by using the standard MACE. 
In this chapter, it has been proven the versatility of the SiNWs growth with patterns. This 
method permits the generation of crystalline SiNWs with selected diameters and controlled 
separation. Moreover, the objective of the chapter has been achieved, as the developed 
method had allowed the deposition of subsequent films. 
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Chapter 6: 
 Crystalline SiNWs grown by 
MACE for lithium ion batteries 
6.1 Introduction 
Along this chapter the study is focused on the application of the MACE SiNWs in lithium 
ion batteries (LIBs). In order to make the MACE a cost effective method for the obtainment 
of SiNWs for this application, the synthesis procedure has been modified. By this enhanced 
MACE process, the etching of the whole c-Si substrate thickness was achieved, transforming 
the full thickness into SiNWs. The SiNWs have been fully characterized taking into account 
the battery application and paying special attention to the surface of the material.  
The formation of the SiNWs based electrodes was approached by two different ways. The 
first one, was done by the deposition of the material mixed as a paste on a conductive Cu 
foil. This method is the most well known and most common approach for the formation of 
electrodes both in research and industry. Among the advantages, it is found a great versatility, 
it can be used with any material, and the scalability, the same procedure applied in the 
research for a few electrodes, is applied in the industry for a large amount of material. 
The second method is an adaptation of a practice that is lately gaining importance in the 
lithium ion anode research; the formation of a free-standing electrode containing the active 
material111. In this type of electrode, the Si material is embedded in a carbon based matrix, in 
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this case CNTs, without the presence of a Cu substrate. This method significantly enhances 
the conductivity while keeping a very good mechanical strength97,111,112. Also, the absence of 
binder111 helps to improve the electrical contact with the material and allows the use of 
thermal treatments to the anode. Additionally, the CNTs also produce a strain release effect 
on silicon113 which could potentially boost the cycling performance of the anodes by reducing 
the pulverization. 
Both type of electrodes were systematically studied by electrochemical potential 
spectroscopy114 and a deep description of their electrochemical performance is included. 
Moreover, other Si nanomaterials were tested in in order to compare the performance of our 
MACE SiNWs to current studies on Si-base anodes. 
6.2 Experimental 
6.2.1 SiNWs synthesis 
The SiNWs were synthesized through MACE on p-type (100) monocrystalline (1-10 Ωcm, 
boron-doped, 270 µm) and n-type (100) monocrystalline (1-10 Ωcm, phosphorus-doped, 270 
µm) silicon wafers provided by El-CAT. One side of the wafer was polished whereas the 
opposite side was unpolished. 
The standard two step MACE procedure, described in chapter 1, was applied, with a molar 
ratio between HF and H2O2 of ε=24. Samples were immersed into the AgNO3/HF bath for 
a period of 2 minutes, in order to obtain a good coverage of Ag nanoparticles on the surface 
with an excess of Ag. When using silver as catalyst, is critical to deposit a thick layer of Ag 
nanoparticles, especially if an entire etch on the thickness of the wafer is going to take place. 
This is because a fact already discussed in the previous chapter, the relative low 
electrochemical potential of the Ag produces the dilution of the nanoparticles in HF/H2O2 
solutions. If the initial amount of nanoparticles is not enough, the longitudinal etch along 
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the entire wafer thickness is not completed and the etching depth across the wafer is not 
uniform.  
In order to adjust the duration of the HF/H2O2 bath to achieve a full thickness etching of 
the wafer, a detailed study was performed. For this study, a longitudinal piece of Si wafer was 
subjected to a progressive MACE process. At different times after the process start, a small 
piece of sample was taken out from the acid solution, leaving the rest of the sample inside 
the solution. Every 30 minutes the etching solution was changed in order to avoid the slowing 
of the process due to a shortage of reactants. As can be observed in figure 6.1, both sides of 
the wafer were simultaneously etched. At low times (up to 150 min) it can be detected two 
different behaviors depending on the wafer surface morphology. While the etching of the 
polished side of the wafer (top side of the images from figure 6.1) evolves from a clean and 
organized front, the etching of the non-polished side presents some irregularities, mainly 
caused by the surface roughness of that side of the wafer. Despite the etching rate is larger 
at the non-polished side at the beginning, at intermediate stages (around 200 minutes), the 
evolution of both sides seems to be very similar. The faster etch found at the beginning can 
be related to the specific action of the silver nanoparticles on preferential sites of the non-
polished side. After 300 minutes both silicon etch fronts reach contact.  
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Figure 6.1 A) to E), cross-sectional FESEM images of a Si wafer after the displayed MACE times. 
F) Etching depth as a function of time. 
 
The etching fronts advance linearly with time at a rate of 10 nm/s, figure 6.1F, being this 
rate consistent with the rates obtained in the first chapter, as the temperature of the bath was 
kept constant at 30ºC. Due to the thickness of the wafer, the etching saturates when fronts 
reach in contact at approximately 130 µm. If the etching time is prolonged, figure 6.1E-F, 
the total thickness is slightly reduced. This result indicates that the uppermost parts of the 
wafer is beginning to dissolve, losing some of the starting material and provoking nanowires 
tapering at the tip. Thus, this study establishes that 300 minutes is the appropriate time to 
etch the whole thickness of the wafer, in the standard conditions of reagents of this work. 
Moreover, it concludes that the etching time should not be extended beyond eight hours 
(480 minutes) to avoid consuming material. 
Once the process is completed, the full etched wafer is rinsed in DI water for cleaning. After 
this step, the samples were stored in DI water, or ETOH, and sonicated until no solid pieces 
were visible.  
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6.2.2 Single nanowire device for electrical characterization 
In order to investigate the electrical properties of the SiNWs without the interference of a 
substrate, single nanowire devices were fabricated. First, the dispersed SiNWs were deposited 
over an oxidized silicon substrate pre-patterned with pairs of conductive AZO:Al electrodes 
fabricated by optical lithography. The spacing between electrodes ranged from 4 to 8 
microns. The nanowires were individually aligned in the gap between each pair of electrodes 
by AC dielectrophoresis with an amplitude of 20V and a frequency of 100 KHz. Under these 
parameters, the method allows to obtain a single nanowire contacting both electrodes, figure 
6.2A, and enabling its electrical characterization. To improve the contact between the 
electrodes and each nanowire, aluminum was deposited atop the tips of the nanowire by 
lithography and lift-off without pre-treatment acids. This insured that the chemical proper-
ties of the SiNWs obtained from the MACE process remained unmodified. A scheme of the 
single nanowire device is also shown in figure 6.2B. 
Once fabricated, the chips with the devices were wire bonding and encapsulated in a 
Transistor Outline (TO-5) header to minimize the background electrical noise whose level 
was as low as 0.1 pA in the electrical setup. 
 
Figure 6.2 A) FESEM image of a finished single nanowire device. B) Scheme of the single nanowire 
device.  
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6.2.3 On-foil electrodes and batteries assembly 
The first synthesis method used for the SiNWs based electrodes was the on-foil deposition 
of the SiNWs, scheme 4. Firstly, the active material, in this case the SiNWs and/or other Si 
nanomaterials, were mixed with the additives. The used additives were Carbon Black (Timical 
Super C65, MTI Corp), which enhances the conductivity of the material forming a 
conductive matrix, and Li-PAA (3g PAA (35%)+0,6 g LiOH+ 78,9 g DH2O prepared as 
described by Eberma et al 115), which provides adhesion, porosity and hardness to the Si 
electrodes. The mentioned mixture, usually called slurry, was performed in a weight 
proportion of 70% of Si material, 20% the carbon black and 10% of Li-PAA. Previous to 
the mixture step, the weight of the SiNWs was obtained by drying the SiNWs solution in an 
oven at 80ºC for a whole night. The dried SiNWs were redispersed in the desired 
concentration and used for the slurry formation. Once the weighting of each component was 
done, the mixing was accomplished by a manual milling in an Agatha mortar until a 
homogenous viscous fluid was obtained. Then, the slurry was applied on a Cu film (MTI 
Corporation 99.99%, 9 µm) by a micrometer adjustable film applicator (Doctor Blade), which 
allow the thickness control of the deposited layer by a gauged blade. The thickness of the 
layer was selected in the range between 100 or 150 µm, which was also checked by a contact 
profilometer (Dekat 6M, Veeco Instruments). Afterwards, the Cu film with the wet slurry 
was dried in an oven at 100ºC in vacuum for 5 hours. Once dried, 12 mm diameter round 
shaped electrodes were cut with an EL-CUT (provided by EL-CELL) device.  
 Finally, the electrodes were introduced into a glove box (GP Campus, Jacomex) filled with 
Ar and the assembly of the batteries was performed. The LIBs were assembled in a half-cell 
configuration with a counter electrode of pure Li. This configuration is usually used for the 
characterization of novel materials, allowing the study of their electrochemical properties 
without the interference of the counter electrode compound.  The use of metal Li as counter 
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electrode implicates a high negative reduction potential of the Li+/Li, therefore, every 
working electrode, even the ones designed for anode, in the half-cell configuration have to 
act as positive electrode111. 
The assembled batteries were encapsulated in CR2032-coin cells following the diagram 
presented in scheme 6.1.  The electrolyte used was a solution of 1M LiPF6 in ethylene 
carbonate and diethyl carbonate (EC:DMC, 1:1 v/v supplied by Sigma-Aldrich), and as 
separator, a glass microfiber filter disk (Whatman grade GF/B, thickness 0.68 mm) of 16 
mm diameter. Once assembled, the batteries where left at least 2 hours to homogenize 
previously to be measured. 
The electrochemical characterization consisted on galvanostatic cycling of the batteries. The 
first lithiation/delithiation profiles for the samples were carried out at a constant current 
density of 0.5 A/g. The subsequent cycles were performed at 2 A/g, except in those cases 
that is explicitly denoted. The specific capacities of each electrode were calculated based on 
the active material mass. 
 
Scheme 6.1 Diagram of the two presented methods of obtaining SiNWs based electrodes. 
 
1.- Full wafer etch
2.- Dispersed SiNWs
Free-standing electrodes
On-foil electrodes
4.- Battery assembly
3.- Electrode fabrication
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6.2.4 Free-standing SiNWs/CNTs electrodes formation 
The fabrication of free-standing electrodes was conducted by the percolation of a solution 
composed by a mixture of SiNWs and CNTs, scheme 6.1. The CNTs were commercial 
(TUBALL BATT without surfactants, water based dispersed at 2%). The mixture of the 
SiNWs and CNTs was performed in a ratio ranging from the 5% to 30% in weight of dried 
CNTs. After mixing, the dispersion was sonicated for 10 min at room temperature, obtaining 
a good entanglement between the CNTs and SiNWs, avoiding the formation of CNTs or 
SiNWs aggregates. After the sonication process, the homogenized mixture was filtrated in a 
vacuum filtration system on a CELGARD membrane (Celgard 3501, PP coated, USA). In 
order to avoid any segregation or the formation of aggregates of the CNTs or SiNWs, the 
filtration took place right after the sonication process and with a low amount of solvent. A 
low amount of solvent is recommended because if the percolation process takes too long, 
the SiNWs tend to precipitate forming an electrode with a high concentration of SiNWs on 
one side and a lack of them on the other. This inhomogeneity can highly affect the 
performance of the battery due to the discontinuity of the conductive matrix. The amount 
of material used in the percolation was fixed to a proportion of 1 mg/cm2 of the area of the 
filtration system. This way the superficial density could be maintained between experiments. 
Subsequent to the percolation, the electrodes on top of the membrane were introduced into 
a desiccator for a whole night. When they are dry enough they automatically peel off from 
the filtering membrane, leaving a free-standing SiNWs/CNT electrode. In order to remove 
any solvent remains or impurities from the CNTs, they were subjected to a thermal treatment 
at 700ºC at a pressure of 10-2 bar and Ar flow for 4 hours. Further details of the thermal 
treatment are displayed in scheme 6.2. 
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Scheme 6.2 Thermal treatment applied to the SiNWs/SWCNTs electrodes in a tubular oven 
 
Successive to the thermal treatment, the electrodes were cut in the desired size/weight and 
introduced into the glove box for the battery assembly. The battery assembly was performed 
as described previously and according to the scheme 6.1. 
6.3 Results and discussion 
6.3.1 Characterization of the full etched SiNWs 
As it has been addressed in the introduction, the performance of anode materials for LIBs is 
affected by many factors97, being conductivity one of them. Low conductivity values on the 
electrodes could lead to high energy losses and overheat. Due to the fact that many of the 
emerging materials for the LIBs have low conductivity values, it is necessary to implement 
higher amounts of conductive additive116. Its disadvantage is that the percentage of active 
material in the electrode is reduced. Also, for some nanomaterials with bad conductive 
properties, the common additives are not enough. In these cases, surface modification and 
inclusion of other conductive nanomaterials are necessary to achieve good conductivities for 
the operation of the battery117,118.  
On the basis of the exposed arguments, it becomes necessary to investigate the conductive 
properties of the synthesized SiNWs in order to apply them into LIBs. On this purpose, the 
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I-V curves of several SiNWs with different diameters were measured using the single 
nanowire device method described in the experimental section, figure 6.2. In the I-V 
measurements it was observed that the devices had different electrical behavior as a function 
of the nanowire diameter. For large diameters, between 400 and 600 nm, the I-V 
characteristics obtained were as the one shown in figure 6.3A. Those I-V characteristic 
shown a linear behavior with a large resistance. The value of the resistance was significantly 
higher than that expected from the resistivity of the wafer and the SiNWs dimensions. 
Indeed, the expected resistance was in the order of MΩ but the obtained resistance was 
around 5 TΩ. Thus, the most feasible explanation of these values is the presence of a thick 
insulating oxide layer in the surface of the SiNW. The TEM analysis, already shown in the 
first chapter, for the on-wafer SiNWs did not revealed an oxide layer thick enough to cause 
this high resistivity. Therefore, the full-etching procedure might be changing the surface 
morphology in an unexpected way. In order to investigate this effect, TEM was performed 
in the full-etched SiNWs. It was found that for nanowires with diameters around 500 nm, 
the oxide layer was way thicker than the one previously observed, figure 6.3B, being on 
average 15 nm. The obtained oxide thickness could indeed be responsible of the high 
resistivity, limiting the transport through the nanowire and producing a large resistance in 
comparison to the resistance associated to the conduction through the crystalline core1.  
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Figure 6.3 On A) I-V characteristics of a SiNW of 500 nm diameter measured by the formation of 
a single nanowire device which can be seen in the inset. B) TEM images of 500 nm diameter SiNWs 
where it can be seen a thick SiOx layer on the surface. 
 
When thinner SiNWs, diameters around 300 nm, were tested, the I-V characteristics were 
considerably different to the ones of bigger diameters, figure 6.4. In this medium sized 
nanowires, the I-V curve have a behavior typically shown by two opposing diodes. Besides, 
the current reached at 3 V was larger than the shown by the thicker NW device. By analyzing 
in TEM the medium sized SiNWs, it was observed notable thinner oxide thicknesses, figure 
6.4B, of around 7 nm. Taking into account the thickness reduction of the oxide layer, one 
may conclude that the different electrical behavior is caused by a thinner oxide layer. In fact, 
the thin oxide layer have the appropriate thickness to lead to the formation of two opposing 
MIS structures on each contact area, what would explain the I-V characteristics1.  
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Figure 6.4 A) I-V characteristic of medium sized SiNW obtained from a single nanowire device. B) 
TEM images of medium sized SiNWs with an oxide thickness around 7 nm. 
 
For SiNWs with small diameters, lower than 150 nm, the I-V characteristic was found to be 
as the one shown in figure 6.5A. The I-V characteristic exhibit a very high current level 
compared to thicker nanowires and asymmetric reverse and forward characteristics. Also, 
TEM imaging revealed the presence of an extremely thin oxide layer, figure 6.5B, being in 
average close to 4 nm. The high current seems to be in good agreement with the findings of 
an extremely thin surface oxide layer, which produces a scenario that resembles to the one 
found in metal-semiconductor Schottky junctions1. In this scenario, the oxide is so thin that 
when a voltage is applied, electrons are capable to tunnel through the oxide barrier, not highly 
affecting the conduction. The asymmetrical behavior observed could be related to the 
different contact area between the NW and the electrodes. As shown in the FESEM image 
inset in figure 6.5A, the contact area is almost five times larger at the right electrode, an 
asymmetry caused by the dielectrophoresis alignment process. 
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Figure 6.5 A) I-V characteristic of small SiNW obtained from a single nanowire device. B) TEM 
images a small SiNW showing an extremely low amount of oxide in the surface.  
 
On the premises of the above discussed, a systematic TEM study of the SiNWs was 
conducted in order to endorse the size dependent oxide thickness. In this study, numerous 
samples with the same etching processes were analyzed by TEM. To avoid any extra oxide 
formation, all the samples were dispersed and deposited right before TEM measurements. 
The measurements of the oxide layer thicknesses in dependence of the diameter are 
summarized in figure 6.6A, presenting the results divided into four ranges of diameters. The 
trend shown by this results clearly confirms the observations made along the whole chapter, 
as the diameter of the nanowire grows, the wrapping oxide around it grows too. Moreover, 
the results of the electrical characterization, outlined in figure 6.6B, clearly match with this 
observations, as the different electrical behaviors seem to be determined by the change of 
the oxide thickness.  From a practical viewpoint, this behavior reveals the need of optimizing 
the MACE process to adapt the SiNW structure and morphology to the application 
requirements.  
B
-2 -1 0 1 2
-20
-15
-10
-5
0
5
 
 
C
u
rr
e
n
t 
(n
A
)
Voltage (V)
A
Chapter 6  
 
74 
 
 
Figure 6.6 A) Silicon oxide thickness as a function of the diameter of the SiNWs from TEM 
observations. B) currents at 2V and – 2V obtained by the single nanowire devices are displayed as a 
function of the SiNW diameter. 
 
After these results, it can be hypothesized that the difference between the oxide thicknesses 
has its origin in the growth mechanism. In MACE, the dissolution of Si is a complex process 
produced through three different mechanisms in presence of Ag nanoparticles NPs13. 
The first one is the direct Si dissolution in tetravalent state119: 
  HSiFHFhSi 444 4     Equation 6.1 
624 2 SiFHHFSiF      Equation 6.2 
The second one, the direct Si dissolution in divalent state120: 
2
2
62 224 HHFSiFhHFSi 
     Equation 6.3 
The third one, the Si dissolution through oxide formation120: 
  HSiOhOHSi 442 22     Equation 6.4 
OHSiFHHFSiO 2622 26      Equation 6.5 
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  In principle, all the reactions are possible and can occurs at the same time in the Ag/Si 
interface. However, since the smaller nanowires grow in areas highly covered by Ag 
nanoparticles (NPs), while bigger SiNWs are produced in regions where the density of 
catalyst NPs is lower, figure 6.7A-B, the reactions that takes place in each case might be 
different. 
 
Figure 6.7 A) Cross-section FESEM image of Ag NPs around SiNWs of different diameter. B) Ag 
NPs distribution on the surface of the Si. The wider spaces between Ag NPs produces bigger SiNWs, 
while the closer ones, thinner SiNWs. 
 
In the case of small SiNWs, the high density of Ag NPs in the surroundings of the attack 
area might hinder the diffusion of all the reactants required for the dissolution through the 
oxide formation. This could make the etching of thin SiNWs more likely to occur from the 
direct dissolutions (Equation 6.1, 6.2, 6.3). As a result, the oxide formed in the walls of 
those SiNWs may be thinner.  
On the other hand, for bigger nanowires, we might have the opposite case. The wider space 
between Ag NPs could preferentially enable the etching through the oxide formation, leading 
to a thicker oxide thickness in the walls of the nanowire. 
A B
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This oxide, formed during the growth of the nanowires, is preserved until the end of the 
MACE process. However, as the solution contains HF, the oxide formed in the walls of the 
nanowires should be removed. Thereby, it seems that without the catalytic action of the Ag 
NPs, equation 6.4 and 6.5 reach an equilibrium with a very low etching rate, keeping the 
oxide thickness constant but reducing the Si core. This could explain the reduction of length 
of the SiNWs once the full thickness of the wafer is consumed, an effect observed in figure 
6.1F. In that case, the lateral etch through the walls of the nanowires is only noticed in the 
uppermost parts of the SiNWs after long exposition times. 
The above exposed has a great interest for the application of the SiNWs in any kind of device, 
because the observed SiO2 barriers have proven to highly affect the conductive properties of 
the SiNWs. Moreover, focusing on the application of the synthetized SiNWs in LIBs, the 
obtained results are very important due to the high influence that the oxide thickness has in 
the electrochemical performance of the batteries121. McDowell et al observed a progressive 
reduction of the electrochemical performance of c-SiNWs wrapped by SiO2, with the 
increase of the oxide thickness. In their studies, they found that the oxide layer induce a 
compressive stress in the c-Si which reduce the equilibrium concentration of Li in the 
lithiated nanowire121, leading to a lower capacity of the material. 
6.3.2 On-foil electrodes 
According to the results from the previous section, the thick oxide present in the as-etched 
SiNWs could hinder the lithiation capacity. Therefore, an extra step was added to the 
experimental procedure of the SiNWs synthesis: an oxide removal. Once the wafer was 
completely etched, the still entangled as synthetized nanowires were dipped into an HF 5% 
solution for 3 minutes. After this step, the SiNWs were normally sonicated and disperse in 
the selected solvent. The SiNWs with and without the HF cleaning, were deposited on a 
HOPG substrate and analyzed by XPS to obtain the oxide content. The SiNWs without the 
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HF treatment, figure 6.8A, shows a notable presence of SiO2 and a shift of 1.4 eV in all Si 
peaks. Very interestingly, this shift is not observed in the C peaks, inset of figure 6.8A.  This 
behavior comes from the fact that the carbon peak arises from the HOPG, which is 
conductive and does not get charged from the incident X-rays. On the other hand, the as-
synthesized SiNWs, due to their oxide thickness and poor conductivity, get charged, resulting 
in a shift on binding energies. The mentioned carbon peak can be univocally identified to be 
from the HOPG and not from the adventitious carbon. This can be stated from the 
asymmetric tale of the C peak towards higher energies, figure 6.8A inset, which is a feature 
of the sp2 carbon, usually found in HOPG or graphene.  
In figure 6.8B it can be found the XPS spectrum of HF treated SiNWs, which show a much 
smaller SiO2 peak and none energy shifting, indicating a good conduction to the substrate. 
 
Figure 6.8 XPS of the Si 2p region of SiNWs produced by a full-etching MACE A), and after an 
extra HF post-processing treatment, B). The inset in A) corresponds to the C s1 region.  
 
To further test the usefulness of the oxide removal, batteries were assembled using the 
SiNWs with and without the HF treatment. For analysis the batteries were subjected to 
galvanostatic cycling. Electrochemical potential spectroscopy data was extracted and 
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displayed in figure 6.9. Voltage profiles (VP) (right column in figure 6.9) and differential 
capacity (DC) curves (middle and left column in figure 6.9) were represented for both HF 
and non HF treated SiNWs electrodes.  
During the first lithiation (figure 6.9A-C) both electrodes show a small peak in the DC 
curves around 0.9 V, which is also observed in the VP as a slight change of slope. This peak 
is identified as “1” in figures 6.9A-C (in figures 6.9A-B is also shown as an inset) and can 
be attributed to the formation of the SEI†122. Interestingly, this peak is bigger in the sample 
treated with HF (figure 6.9B), meaning a higher irreversible capacity due to the SEI in the 
less oxidized sample. This behavior is corroborated in the VP on figure 6.9C, where it can 
be seen a bigger change of slope in the HF treated sample. This higher slope, results on 
reaching the ~100 mV plateau at higher capacities, meaning that the accumulated capacity 
until that point is irreversible capacity due to the SEI.  This result is consistent with the 
literature observations, 123 where it is concluded that SiO2 may suppress the formation of the 
SEI layer when compared to pristine Si.  
At ~100 mV during the lithiation process, it is found a sharp peak in the DC curves of both 
samples, figure 6.9A-B. The mentioned peak is displayed in the VP as a constant plateau 
and is identified in figures 6.9A-C as “2”. Due to its shape and behavior in the VP, it can be 
assumed to be a two-phase lithium addition reaction62. It is well accepted that this reaction 
corresponds to the lithiation of the c-Si through the equation 6.6124. 
SiLiaxLiSic x     Equation 6.6 
                                                 
† The solid electrolyte interphase (SEI) is a passivating films that is formed in the surface of the anode due to 
the electrochemical reduction of solvent and salt of the electrolyte. Because the reduction of the electrolyte is 
produced by the interaction with the Li+, it produces an irreversible capacity loss123. 
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Through this reaction, all the c-Si is alloyed with the Li forming an amorphous compound. 
As more lithium is alloyed with the Si, the specific capacity of the battery grows, what is 
indicated by the length of the plateau “2” in the VP. In figure 6.9C, it can be observed that 
in the first lithiation, the HF treated samples show a much enhanced specific capacity than 
the samples without treatment, 2800 mAh/g compared to 2000 mAh/g. 
As occurs with the lithiation, in delithiation, the different reactions that take place have 
characteristics peaks and slopes, both in the VP and DC curves. During the first delithiation, 
it is observed in both electrodes a sharp peak at ~480 mV marked as “3”. This two-phase 
reaction is believed to be the delithiation of the crystalline Li15Si4 to form a-Si
124–126 equation 
6.7. 
LiSiSiLi 154415     Equation 6.7 
The formation of the crystalline Li15Si4 is believed to take place in the lithiation around 50 
mV, however the exact voltage at which this crystalline phase appears is not clear in the 
literature, as many groups have reported different voltages124–126. The difference of the 
reaction voltages between the literature could be governed by the different rate processes 
which are associated with many factors including Si size, crystallinity of Si particles, 
conductivity of electrode, applying current condition etc. The assumption that peak “3” 
comes from the delithiation of the Li15Si4 is either clear in the literature
122. Previous reports 
have proven the formation of this phase in bulk Si 127 but, it is not certain if this also happen 
in SiNWs. The reason why is not clear, is that the formation of Li15Si4 seems to highly depend 
on the material strain, which is also related with the size of the particles122,125. Therefore, in 
small particles, the strain could not be enough to allow the Li15Si4 formation.  
The Li15Si4 phase, despite of giving a very high theoretical specific capacity of 3579 mAh/g, 
is not desirable for Si based electrodes. The high internal stress that the two-phase reactions 
produce, can cause particle cracking and capacity loss127. In fact, the lithiation of Si anodes is 
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usually restricted to minimum voltages of 50 mV in order to avoid the formation of this 
crystalline phase. 
In the delithiation, both samples present peak “3”, which leads to a plateau in VP in figure 
6.9C. Analogously as in lithiation, as longer is the plateau, larger is the amount of Li extracted, 
meaning a higher delithiation capacity. For the first cycle, the specific capacity values of both 
samples are 2100 mAh/g for HF treated sample and 1200 mAh/g for non HF-treated. 
 
Figure 6.9 Electrochemical potential spectroscopy data of SiNWs with and without HF treatment. 
A)-C) graphs corresponds to the first cycle in the galvanostatic cycling, D)-F) to the second and G)-
I) to the tenth. The differential capacity curves in the right side column corresponds to SiNWs 
without the HF treatment and the ones in the central column to the SiNWs with the HF. Graphs in 
the right side column are voltage profiles of both samples. Peaks marked in blue are due to lithiation 
and in green to delithiation. 
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The differences between the lithiation and delithiation capacities for each cycle, are a good 
indicator of the reversibility of the lithiation process. The evaluation of this reversibility is 
usually quantified by the coulombic efficiency (CE). The CE is obtained through the 
equation 6.8, where CL is the lithiation capacity and CD the delithiation capacity.  
%100
L
D
C
C
CE      Equation 6.8 
In most of the batteries, the coulombic efficiency is quite low in the first cycle due to 
irreversible parasitic reactions during the first lithiation. As lower is the CE value, higher is 
the capacity loss between the lithiation and delithiation. Among the irreversible processes 
that causes the capacity losses, are the formation of the SEI and loss of electrochemically 
active material due to pulverization10. In the case of our electrodes with SiNWs, with and 
without HF treatment, we obtain CE values for the first cycle of 78% and 60% respectively. 
In the second lithiation/delithiation cycle (figures 6.9D-F) it is observed a significant change 
in the DC and VP curves for both samples. In the lithiation, peak “1” has been substituted 
by peaks “4” and “5”, which are related with the alloying of lithium with a-Si. These two 
peaks are broad, indicating one-phase transition reactions, so no crystalline phase is involved. 
In the VPs, these peaks correspond to slope changes, leading to a more sloping curve without 
any straight plateau. The exact compounds formed in each reaction are not known, but they 
are known to be two consecutive incorporations of Li to amorphous Si-Li phases62. The 
reactions involved are displayed in equation 6.9 and 6.10 for “4” and “5” respectively. 
xLiSia    SiLia x     Equation 6.9 
yLiSiLia x   SiLia yx    Equation 6.10 
In the subsequent delithiation, one-phase transition reactions “6” and “7”, are observed in 
both samples. These reactions are the reverse situation of “5” and “4” respectively, meaning 
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that the delithiation, as the lithiation, occurs between the a-Si and a-Lix+ySi in two steps. The 
VP in figure 6.9F indicates again a bigger lithiation/delithiation capacity for the SiNWs with 
HF treatment. The mentioned result can also be noticed in the DC curves, figures 6.9D-E, 
where the higher intensities shown by the treated HF SiNWs curves, reveal a larger amount 
of material activated during the lithiation/delithiation. 
After 10 cycles, the shape and positions of the peaks in the DC curves remain unchanged, 
figures 6.9G-H, being only altered the intensities displayed. This behavior means that for 
both samples, the amount of active material which was involved in the electrochemical 
reaction has been reduced. The mentioned fact is also observed in the VP in figure 6.9I, 
where both capacities have been significantly reduced, but still being much higher in HF 
treated sample. 
 The specific capacity of both electrodes for the 50 first cycles, as well as the coulombic 
efficiency, are presented in figure 6.10. In this graph, it is observed a much better 
performance of the SiNWs treated with HF than the SiNWs without the treatment. The 
difference between capacities is almost a 75% in the first cycle (2100 mAh/g against 
1220mAh/g) and it grows to 175% after 50 cycles (465mAh/g vs 168 mAh/g). 
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Figure 6.10 Specific capacity and coulombic efficiency of SiNWs electrodes with and without HF 
treatment, for 50 galvanostatic cycles. The charge and discharge rates were 0.5 A/g for the 1st cycle 
and 2 A/g for the subsequent cycles. 
 
All the above discussed results make clear the high influence of the silicon oxide on the 
electrochemical performance of the LIBs, as well as the extreme usefulness of the simple HF 
treatment to improve the efficiency of the full etched SiNWs in LIBs. 
In order to compare the quality of the produced SiNWs with commercial Si-based 
nanomaterials for batteries, a detailed study was performed. Commercial silicon 
nanoparticles (SiNPs) (Alpha Aesar) and commercial SiNWs/NPs mixture (US Research 
Nanomaterials) electrodes were prepared and characterized with the same procedure as our 
MACE SiNWs electrodes. The commercial nanomaterials were selected so their diameters 
were similar to MACE SiNWs. This consideration is very important because the size of the 
nanomaterials determines their surface/volume ratio97,112, which is known to affect their 
electrochemical performance.  
In figure 6.11A it is represented the EC potential spectroscopy data of the commercial 
electrodes. It can be observed that the MACE electrode possess much higher specific 
capacities than those for commercial Si-based electrodes. Even though the first lithiation 
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capacities of MACE and commercial Si NWs/NPs electrodes are similar (~2800 mAh/g), 
MACE electrode retained much higher delithiation capacity (2100 mAh/g) during 
subsequent delithiation step. As a result, the initial coulombic efficiency of the MACE 
electrode (78 %) was higher than those for the other electrodes (75% and 38% for 
commercial Si NPs and NWs/NPs mixture electrodes, respectively). 
The DC curves of the electrodes during the first lithiation/delithiation cycle (Figure 6.11B) 
provide further evidence of the advantage for the MACE electrode. All of these Si-based 
electrodes show the characteristic cathodic peak (due to the alloying) lower than 0.15 V and 
anodic peak (due to de-alloying) at ~0.45 V during the first lithiation and delithiation. 
However, there is a difference between the electrodes in terms of the potential at which these 
peaks appear. During the first lithiation, the formation of the Li-Si alloy phase for commercial 
Si NWs/NPs electrode occurs at a slightly higher potential (0.1 V) than other electrodes (0.09 
V for MACE electrode and 0.05 V for Si NPs electrode). Conversely, the anodic peak (de-
alloying of Li-Si phase) for MACE electrode initially occurs at a lower potential, indicating 
that a relatively low anodic over-potential was induced for MACE electrode during 
subsequent delithiation. The over-potential is very important issue in batteries. Its existence 
indicates that more energy than the expected is being used to perform the reaction. This 
extra energy is being lost in the cell as heat due to poor electrical contact with the reacting 
material or slow electron transfer kinetics of the material. Therefore, as lower is the over-
potential, more efficient in the cell. 
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Figure 6.11 Electrochemical potential spectroscopy data of MACE and commercial electrodes of the 
first cycle, A) and B), and of the second cycle, C) and D). Evolution of the specific capacity with the 
cycles for the three mentioned electrodes at a rate of 0.5 A/g the 1st cycle and 2 A/g for the rest, E). 
 
As mentioned above, both MACE and NWs/NPs electrodes exhibit similar lithiation 
capacity (~2800 mAh/g), thus they might undergo similar volume expansion over 200% 
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(ideally ~300% when reaching maximum specific capacity of 3579 mAh/g with formation 
of Li15Si4). However, MACE electrode shows higher delithiation capacity with lower anodic 
over-potential, which indicates that the electrode could better maintain its electrically 
conductive network after this huge volume variation. Additionally, during the next cycle at 2 
A/g, MACE electrode exhibits much higher specific capacity (Figure 6.11C) and higher peak 
intensity (Figure 6.11D) than other electrodes. After galvanostatic charge/discharge tests at 
2 A/g for 20 cycles, the specific capacity of MACE electrode gradually decays to 710 mAh/g 
(Figure 6.11E), which is commonly observed in Si based electrodes mainly because the 
pulverization and loss of electrical contact due to the large volume variation during 
alloying/de-alloying reactions. Nevertheless, MACE electrode displays better cycling 
performance compared to the other commercial Si-based electrodes, which retain less than 
500 mAh/g after 20 cycles in latter electrodes. 
The above results prove better electrochemical performance of our MACE electrode when 
compared with commercial Si electrodes, with similar medial size. However, compared with 
other present Si-based anode studies with smaller nanomaterials, the results are not as 
satisfactory. In figure 6.12A, it is shown the VP of an electrode composed by commercial 
SiNPs (US Research Nanomaterials) with particle size lower than 80 nm, considerably smaller 
than our SiNWs (~200 nm). In the mentioned figure, it can be appreciated an outstanding 
electrochemical performance of the SiNPs even after 10 cycles, maintaining a specific 
capacity around 2100 mAh/g. In comparison, MACE electrodes, figure 6.9I, only retained 
~820 mAh/g after the same cycling length. 
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Figure 6.12 Voltage profile, A), and differential capacity curves, B), of SiNPs electrodes of the first, 
second and tenth cycle. 
 
Moreover, the anodic peaks on the DC curves, figure 6.12B, present an absence of the two-
phase transition peak, at ~0.45 V, corresponding to, presumably, the delithiation of the 
crystalline Li15Si4. This peak cannot be observed even for the first cycle, what contrast with 
all the tested Si nanomaterials with bigger dimensions (see figure 6.11B). Despite it is not 
clear the nature of the reaction behind this sharp peak, its shape makes clear that is a two-
phase region reaction. Consequently, its absence is an advantage. 
On the other hand, the DC curve of the SiNPs electrodes, figure 6.12B, reveals a huge 
shifting of the voltage position of the anodic peaks as the cycles advance.  This increasing 
overvoltage means that with the cycling, the contact with conductive matrix in which the 
SiNPs are embedded, is being degraded. This effect hinders the cycling performance of the 
battery in the long term. Therefore, in order to investigate more deeply this effect, the 
morphology of the SiNPs electrodes were studied by FESEM, figure 6.13A. The 
morphological study revealed that even before the cycling, the electrodes presented huge 
cracks all over the surface. This is symptomatic of poor cohesion, which could explain the 
overvoltage observed in the differential capacity curves. 
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Under these premises, we decided to make a mixture of the SiNPs and the MACE SiNWs 
in order to take advantage of the good electrochemical capacity of the SiNPs while keeping 
good integrity of the electrical network shown by the SiNWs.  
 
Figure 6.13. SEM images of a SiNPs electrode, A), and the hybrid SiNWs/SiNPs electrode, B). Inset 
in B) is displayed a closer SEM image of the SiNPs/SiNWs mixture.   
 
 Thus, 0D-1D mixture electrodes were fabricated by mixing MACE SiNWs and the SiNPs 
in a mass ratio 1:1. As first result, it was observed that with the addition of the SiNWs the 
cracks did not appeared, figure 6.13B. Taking a closer look at the material, inset of figure 
6.13B, it was also observed that the mixing of the material resulted in a homogenous 
distribution of both SiNWs and SiNPs. The SiNPs were found surrounding the SiNWs, 
preventing the formation of clusters of SiNWs or SiNPs.  
A B
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Figure 6.14 In A) is displayed the voltage profile from the galvanostatic cycling of the hybrid 
electrode on its first, second and tenth cycle. Specific capacity as a function of the cycles for the 
hybrid electrode and the SiNPs electrode for 50 cycles B) and extended to 500 cycles C). Specific 
capacity of the hybrid electrode for different charge/discharge rates D). 
 
Additionally, the electrochemical characterization of the MACE SiNWs /Si NPs hybrid 
electrode, figure 6.14A, revealed a delithiation capacity of 2764 mAh/g, which is between 
the capacity values for single component Si-based electrodes (SiNPs electrode and MACE 
SiNWs electrode). This is very common feature observed for the general mixture system 
under lever rule, but surprisingly, this hybrid electrode maintained much higher specific 
capacity in further cycling. After 10 cycles, the delithiation capacity for the hybrid electrode 
(2307 mAh/g) is higher than SiNPs electrode (2135 mAh/g) despite of its lower specific 
capacity values during initial cycling stages. Moreover, in the voltage profile, figure 6.14A, 
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the increasing over-voltage shown by the SiNPs electrode is not presented in the hybrid one. 
Definitively, the absence of this overvoltage in the hybrid electrode contributes to the 
improved capacity retention. 
Finally, in figure 6.14B can be appreciated that the hybrid electrode retained 25% more 
specific capacity after 50 cycles, clearly indicating better cycling performance. To further 
investigate the long-term cycling stability of these Si-based electrodes, faster charge and 
discharge measurements were carried out at a constant current density of 2 A/g over 500 
cycles, shown in figure 6.14C. While the specific capacity of Si NPs electrode is markedly 
decreased to ~1000 mAh/g at the earlier cycling stage (1~50 cycles), under faster 
charging/discharging condition, MACE SiNWs/Si NPs hybrid electrode only shows 
gradually decaying of its capacity during the overall cycling stage. After 500 cycles, hybrid 
electrode retained specific capacity of 1990 mAh/g, 25% higher than that of Si NPs electrode 
(1593 mAh/g), indicating improved cycling performance based on the 0D-1D hybrid 
structure. Additionally, MACE/SiNPs hybrid electrode exhibits quite competitive rate 
performance when cycled at current densities from 0.5 to 5 A/g, figure 6.14D; the hybrid 
electrode only suffered a 44% decrease in capacity when the current density was increase by 
a factor of 10 (0.5−5.0 A/g). 
The above exposed results demonstrate the exceptional electrochemical properties of the 
hybrid electrode, probably due to the synergistic effect which comes from the mixture of the 
different dimensional structure (0D-1D hybrid). Its performance has proven to be superior 
to any commercial Si-based electrodes tested, being even attractive among the present Si-
based anode studies6,8,9,128–131 because of its high cycling performance even at high current 
densities. The quite impressive electrochemical results and easy transferability to the industry, 
makes this material a very promising candidate for future LIBs. 
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6.3.3 Free-standing SiNWs/CNTs electrodes 
The study of the SiNWs for LIBs was further extended with the formation of the free-
standing electrodes. These electrodes take advantage of the high conductivity and mechanical 
support that the CNTs offers, forming a well entangled composite where the active material 
is involved in CNTs. The advantage of using CNTs instead of the standard polymer 
binder/carbon black combination, is that their higher mechanical/electrical properties could 
improve the cycling of the Si-based anode. In this type of electrodes, the ratio between the 
active material and the CNTs is very critical132. If the amount of CNTs is too low, the CNT 
matrix may not be conductive enough or unable to compensate the dimensional changes 
during lithiation/delithiation. This could influence the LIBs by inducing an overvoltage or a 
fast degradation. On the other hand, if the amount of CNTs is too high, the total amount of 
active material in the electrode is significantly reduced, lowering the capacity of the electrode. 
Due to the required balance between attributes of one excess and the other, it is necessary 
to investigate the optimal SiNWs/CNTs ratio. In literature, this subject has been 
addressed132,133, however the significant differences between mixing method and materials 
used, makes necessary a specific study for our materials. Most of the Si/CNTs mixtures 
reported, are situated in a range between the 10% and 30% of CNTs133–137 respectively to the 
Si content. Therefore, that CNTs range will be the initial concentration of the presented 
study. 
Free-standing electrodes with CNTs percentages of 5%, 10%, 20% and 30% were fabricated 
by the percolation method described in the experimental section. Their morphology was 
studied by FESEM, figure 6.15, obtaining in all cases a good mixture with no significant 
differences between top and down sides. In figure 6.15A, it is seen how the CNTs 
completely covers the SiNWs forming a very compact matrix with most of the SiNWs fully 
covered by CNTs. However, the degree of coverage of the SiNWs is highly influenced by 
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the CNT percentage. Figures 6.15B-E show the surface of the electrodes with increasing 
amount of CNTs, from 5% to 30% respectively. In these images it can be clearly seen how, 
for the lower CNT percentages, an important amount of SiNWs are not coated. This lack of 
coverage mainly observed in the 5% samples and in some areas of the 10%, potentially affect 
the resistivity of the medium and their electrochemical performance. 
In order to further characterize the electrodes, their sheet resistance (RS) values were obtained 
through the 4-point probe method, figure 6.15F. The displayed RS values agree with the 
coverage observations made by FESEM, pointing out that at very low concentrations of 
CNTs, the electrodes show a high resistance. The increase of CNTs concentration rapidly 
reduces the observed RS, starting with a very high value of 260 Ω/□ in the 5% sample and 
only showing 30 Ω/□ in the 20% sample. At higher percentages, the RS reduction is much 
less sharp, only getting 15 Ω/□ for the 30% sample. This small RS reduction comes at the 
expense of a 10% SiNWs loss, making this percentage less interesting than the 20%. The 
trend of figure 6.15F clearly shows an exponential decay of the RS with the increase of CNTs, 
which tends to the 100% CNTs RS value of 2,7 Ω/□. This behavior emphasizes the problem 
shown between the 20% and 30%, a minor gain of conductance with a major loss of active 
material. For this reason, the 20% CNT percentage was fixed as the ideal percentage for the 
electrodes used in the LIBs fabrication. 
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Figure 6.15 FESEM top-view images of electrodes composed by SiNWs and CNTs A) to E). 
Electrodes B) to E) have different CNTs/SiNWs ratios which are shown in the images. In F) a 
comparative study of the sheet resistance as a function of the CNTs/SiNWs ratio, is shown. 
 
The LIBs were assembled as described in experimental section, and then they were subjected 
to galvanostatic cycling. The specific capacity shown by these SiNWs/CNTs electrodes at 
the first cycle was very high, figure 6.16A, being initially 3300 mAh/g with a quite high CE 
of 79%. Surprisingly, the capacity loss in the second cycle was very small showing an 
extremely high CE of 98%. The high capacity retention from the first to the second cycle 
contrast with our results with the on-foil batteries, where capacity loss was quite sharp. This 
behavior can be attributed to the high mechanical toughness of the CNT conductive matrix 
in which the SiNWs are imbibed. The CNT matrix compensates the dimensional changes of 
the Si avoiding the contact loss due to the crumbling132. The mentioned effect is well kept 
during the cycling, showing a very slow capacity decay which allow the obtainment of a 
specific capacity of 2500 mAh/g after 40 cycles. These results highly contrast with our 
previous results of the SiNWs, which after the same cycling only shown 500 mAh/g.  
5 10 15 20 25 30
0
100
200
300
15 
30 
80 
 
 
S
h
e
e
t 
R
e
s
is
ta
n
c
e
 (


)
Percentage of CNTs 
260 
A
A B C
D E
F
5% CNTs 10% CNTs
20% CNTs 30% CNTs
Chapter 6  
 
94 
 
 
Figure 6.16 Electrochemical spectroscopy data of the 20% CNTs/SiNWs electrode. A) Specific 
capacity and CE as a function of the cycle number. B) VP of the cycles 1, 2 and 10. C) to D) DC 
curves of cycles 1, 2 respectively and E) DC curves of cycles 10, 20 and 40.  
 
To further delve into the electrochemical performance of the electrodes, VP and DC curves 
were obtained from the galvanostatic cycling, figure 6.16 B-E. The VP for the first cycle in 
figure 6.16B, shows the typical plateau at 100 mV from the lithiation of the c-Si, which is 
further confirmed by the DC curve in figure 6.16C. However, in this first discharge it can 
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also be detected an anomalous behavior at high voltages. In the DC curve this behavior is 
observed as a sharp peak at 1.1 V, followed by a much smaller peak at 0.8 V. The fact that 
these peaks are only present in the first cycle, compare figure 6.16C with figure 6.16D, 
reveal that are due to irreversible interactions between Li-ion electrolyte and CNT+Si active 
material. Indeed, the 1.1 V and 0.8 V peaks can be identified as the reduction of oxygen-
containing functional groups at the surface of the CNTs138 and the formation of SEI111,138 
respectively.   
Very interestingly, in figure 6.16E, it can be observed that, with the cycling, no significant 
overvoltage is induced, keeping the lithiation/delithiation peaks at the same position even 
after long cycling. This indicates that the CNT matrix is well preserved with cycling and the 
contact with the SiNWs is not significantly altered after their high volume expansions and 
crumbling.  
Apparently, the above results indicate that the CNTs matrix significantly enhance the 
electrochemical performance of the SiNWs by solving one of their biggest problems, the 
contact loss due to the crumbling.  However, it would be necessary to extent the cycling to 
confirm if the CNTs effectively suppress the effect of the crumbling as the first analysis 
suggest. 
The extremely good electrochemical performance and good cycling that this free-standing 
electrode presents, makes them a very promising material for the LIBS. Moreover, their good 
electrochemical properties not only surpass the more traditional ways of forming SiNWs 
electrodes, but also current researches on the CNTs free-standing electrodes area113,135,136.  
6.4 Conclusions 
In this chapter, the MACE has been applied to etch the whole thickness of the c-Si wafers. 
This improvement of the MACE procedure was done to obtain a sufficient amount of 
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SiNWs to apply in SiNWs-based electrodes for LIBs.  The analysis of the full-thickness 
MACE SiNWs revealed an oxide layer on the surface of the SiNWs which thickness depends 
on the diameter of the SiNWs. This observation permitted the design of an extra oxide 
removal step in the SiNWs synthesis for the optimization of SiNWs based LIBs. 
Once characterized, the SiNWs were used for the fabrication of anodes for LIBs. The 
electrode formation was performed by two different methods. The first one was the 
deposition of SiNWs, mixed with carbon black and a binder on a Cu foil. The second one 
was the formation of free-standing CNTs/SiNWs electrodes. 
The batteries assembled using the first method, shown a good electrochemical performance 
compared with other commercial Si-based nanomaterials. Additionally, the SiNWs were 
mixed with small SiNPs forming a homogenous hybrid electrode. The cycling performance 
of this hybrid electrode was much better than the one exhibited by the components 
separately, owing to the synergy observed between the two nanomaterials. 
Due to the novelty of the free-standing electrode formation process, the first research step 
in the study was the optimization of the CNTs/SiNWs ratios. Several percentages of CNTs 
were tested attending to their morphology and sheet resistance. Finally, the percentage of the 
20% resulted the optimal ratio, and it was selected for the assembly of the LIBs. The obtained 
electrodes exhibited extremely good specific capacities and very stable cycling. This 
improved electrochemical performance can be attributed to the influence of the CNT matrix, 
which significantly reduced the affectation of the crumbling to the capacity.   
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Chapter 7:  
Amorphous SiNWs for lithium 
ion batteries 
7.1 Introduction 
In the previous chapter it has been demonstrated the huge potential of the MACE SiNWs 
for the LIBs. However, the experimental procedure is quite complex and the MACE usually 
leads to a low mass yield; drawbacks which could difficult its use in the industry. In order to 
improve this aspect, in this chapter, a different approach was addressed: the direct growth of 
the SiNWs on the electrode. It was proposed to directly grow, over the Cu foil, a Si film 
which could act as substrate for the etching of the SiNWs by MACE. Through this method, 
the SiNWs would be directly attached to the Cu without the use of any binder, and the 
etching process would be more efficient, losing less material in the process.  
An important difference it can be find in this process is that the deposited Si films are usually 
amorphous. It is possible to recrystallize the deposited films, but the processes are usually 
costly. Besides, it would require high temperatures which Cu foils cannot stand. However, 
as seen in the EC characterization in the previous chapter, the crystallinity of the SiNWs 
plays no role in the LIBs, since in the first cycle the Si gets amorphized. Indeed, the 
crystallinity is a drawback. When compared with amorphous materials, the c-Si much more 
compact structure have more difficulties accommodating the volume expansion due to 
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lithiation, leading to a higher material pulverization139. For this reason, the amorphous silicon 
(a-Si) has attracted great attention in the field of the LIBS140–145. 
Despite of an internal structure more suited to insert lithium, when the a-Si is deposited as  
film, the volume expansion produces cracks in the material and the capacity rapidly fade143. 
This problem is directly related with the film morphology, and, because of that, the SiNWs 
could be a good response to it. Indeed, the pillar structures are known to have better 
expansion capabilities146 and better surface-volume ratio141, which could improve the 
electrochemical performance of the material. 
The growth of SiNWs on amorphous substrates was firstly reported by Douani et al 147 in 
2011. However, their research focused on the influence on the impurities in the growth rather 
than exploring any application. Moreover, to our knowledge, since that first report, the 
amorphous silicon nanowires (a-SiNWs) has not been used in any new work in the literature. 
In this chapter the application of the a-SiNWs in the LIBs is explored and their 
electrochemical performance analysed. 
7.2 Experimental 
7.2.1 Hydrogenated amorphous silicon (a-Si:H) growth 
For the growth of hydrogenated amorphous silicon (a-Si:H), two types of substrates were 
used: intrinsic monocrystalline Si wafers (100) with thicknesses 525 µm and resistivity > 
10000 Ωcm and Cu foils (purity 99.99%, MTI) with thicknesses of 9 µm. Previous to the 
deposition, the Si substrates were cleaned with HF 5% and rinsed in DI water. The Cu 
substrates were cleaned with acetone and IPA subsequently. The reason behind the use of 
the intrinsic Si wafers instead of the p-doped Si wafers used in the rest of the chapters, is 
that to obtain the hydrogen content of the a-Si:H films by FTIR, is highly recommended to 
use substrates without any doping, due to possible interferences. 
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The growth of the a-Si:H was performed by two techniques: plasma enhanced chemical 
vapor deposition (PECVD) and radio frequency magnetron sputtering (RF-MS).  
The silicon source, for the RF-MS was an intrinsic Si target of purity 99.999% (Goodfellow). 
The power during the growth was set to 100 W to achieve a growth rate of 0.8 Ǻ/s, the 
substrate temperature was set to 180ºC and the inlet gases for the plasma were Ar (Premier 
99.9992%, Carburos Metálicos) and H2 (Premier Plus 99.9992%, Carburos Metálicos). The 
gas H2/Ar mixture was ranged from 1:3 to 1:1 in volume with a flow of 3 sccm and a chamber 
pressure of 9 mTorr. The gas mixture proportions were ranged in order to investigate the 
influence of those parameters in the properties of the deposited material. 
On the other hand, the deposition via PECVD (MVSystems Inc) was performed with an 
inlet flux of SiH4 (purity 99.999%) of 20 sccm at a pressure of 400 mTorr. The substrate 
temperature was set to 198ºC and the power of the RF source was 1 W. 
7.2.2 MACE on a-Si:H 
At it has been commented in chapter 3, the MACE is highly influenced by the structure of 
the Si where it is applied. In this case, where the MACE is applied on an amorphous Si layer, 
two significant differences can be found with the etching on c-Si. The first difference is the 
lack of crystalline structure on the Si. This implies that there is no preferential etching 
direction and, therefore, the SiNWs could grow slanted. Furthermore, the material shows 
lower densities and less number of backbonds, so it is much more sensitive to the MACE. 
Thus, the material is likely to show higher etching rates even for the secondary etchings.  
The other significant difference is the limitation in the amount of material. The chapter 
objective is to grow the a-SiNWs directly on the Cu substrates, therefore, the etching has to 
be restricted to the thickness of the deposited a-Si:H. If the etching goes further than the a-
Si:H thickness, the Cu substrate, which is known to be a catalyst of the MACE13, would 
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induce an etching on the base of the a-SiNWs 
peeling off the whole layer. Also, for the same 
reason, the MACE cannot be done just 
immersing the sample into the etching solutions. 
The process has to be limited just to the side 
where the a-Si:H is deposited, excluding the 
borders of the sample. In order to implement 
those changes experimentally, special cells were 
fabricated fulfilling the requirements, scheme 
7.1. Cells with different hole diameters and 
shapes were fabricated. For characterization purposes, cells with small size (1 cm diameter) 
and round shape holes were used. On the other hand, for the fabrication of electrodes, cells 
with much bigger reaction area (4.5 cm x 4.5 cm) were used. The large area cells, allowed the 
fabrication of numerous electrodes with the same SiNWs length and growth conditions. The 
mentioned improvement resulted on a very good electrode repeatability. 
In the aforementioned cells, both baths, AgNO3/HF and H2O2/HF, were consecutively 
done with an intermediate cleaning with DI water. The molarity of the HF of the first bath 
was kept at 4.8 M, as described in chapter 3, while the molarity of the AgNO3 was ranged 
between 0.01 M and 0.0025 M in order to investigate its influence on the growth of the a-
SiNWs. The molarities of the second bath were fixed at the values used in chapter 3, 4.8 M 
for HF and 0.2 M for the H2O2. The duration of the first bath was fixed to 30 seconds, while 
for the second bath it was ranged between 30 seconds to 3 minutes, depending on the desired 
length. 
Once the MACE procedure was done, the samples were rinsed in DI water and dried in a 
desiccator for a whole night. 
Scheme 7.1 Diagram of the experimental 
layout of the MACE on a-Si:H over a Cu 
substrate. 
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7.2.3 Electrodes processing 
For thin film materials, the electrode cutting is probably one of the most important steps in 
whole process of the electrode formation. As discussed in the results section, a high precision 
electrode cutting is crucial to obtain the active mass. In order to achieve the highest precision 
possible, all the electrodes were cut in circular shape with a diameter of 1.2 cm by Nd:YVO4 
(Super Rapid-HE, Coherent) laser with pulse length of 15 ps, wavelength of 532 nm, 
frequency of 100 kHz and power of 3.5 W. The extreme precision of this cutting technique 
results on an area with an almost negligible error. In figure 7.1 a SEM image of the edge of 
the laser cut electrode is displayed. As can be seen, the precision is extremely high. 
A diagram of the whole fabrication process is shown in scheme 7.2. 
 
Figure 7.1 Top-view SEM image of a laser cut electrode. 
 
The batteries assembly was performed as it was exposed in the previous chapter. The 
characterization of the batteries was also performed by galvanostatic cycling with standard 
rates of 0,5 A/g for the first cycle and 2 A/g for all the consecutive cycles. 
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Scheme 7.2 Diagram of the a-SiNWs electrode fabrication process 
 
7.3 Results and discussion 
7.3.1 Growth of a-SiNWs 
As it has been exposed in the experimental section, the MACE on a-Si:H present important 
differences with the MACE done in c-Si. Therefore, an optimization of the experimental 
parameters is required in order to apply it on further steps.  
As first step, the morphology of the deposited films by the different techniques was explored 
by FESEM, figure 7.2. Despite of quite similar growth conditions, the morphology of the 
films was considerably different for the two techniques. The samples grown by PECVD 
show a dense appearance, figure 7.2A, while the samples grown by RF-MS looks much more 
porous with a columnar morphology, figure 7.2B. 
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Figure 7.2 FESEM images of a-Si:H by PECVD, A), and RF-MS, B). 
 
The investigated films, deposited on c-Si substrates, were subjected to the MACE process. 
The process was applied to films on top of the c-Si because in case of an excess of etching 
time, the etching can continue in the c-Si. However, if the process would have been applied 
on an a-Si:H/Cu sample, the excess of time would had led to the removal of the film. 
The adjustment of the MACE parameters was begun with the investigation on the influence 
of AgNO3 concentration in the electroless deposition. In this study, the duration of each 
bath of the MACE were fixed to 30 seconds and the reactants concentrations of the second 
bath were kept as mentioned in the experimental section of the chapter. Firstly, a 
concentration of 0.01M was used, as it has been done in previous chapters. Surprisingly, this 
concentration led to the removal of the a-Si:H film grown by both techniques, only observing 
SiNW growth in the c-Si substrate, figure 7.3 A-B.  
A B
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Figure 7.3 FESEM images of a-Si:H films on c-Si after the MACE procedure. On A), C) and E) the 
a-Si:H were grown by PECVD while on B), D) and F) the deposition was conducted by RF-MS. In 
each image, the concentration of AgNO3 used is displayed. 
 
After this result, the MACE was repeated slightly reducing the AgNO3concentration to 
0.005M. Again, in the RF-MS sample, the etching resulted in the growth of SiNWs in the c-
Si underneath the removed a-Si:H layer, figure 7.3D. On the other hand, in the PECVD 
sample it was observed a-SiNWs growth, figure 7.3C, but much sparser than their 
counterpart in c-Si.  
Lastly, the molarity of the AgNO3 was set to 0.0025M, while keeping the rest of the 
parameters untouched. This set of parameters resulted in a very dense growth of a-SiNWs 
on the PECVD sample, figure 7.3E, while in the RF-MS only c-SiNWs from the substrate 
were observed, figure 7.3F.  
Due to the strong opposition of the results from one type of film to the other, the electroless 
deposition of the Ag NPs was performed without the subsequent etching step. The reason 
for applying only the half of the MACE, is to observe the differences between the films in 
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the first instants of the SiNWs growth. For this test, as well as for all the following MACE 
procedures in this chapter, the molarity of 0.0025M was selected. 
 
Figure 7.4 FESEM images of the an electroless deposition of Ag NPs on a-Si:H grown by PECVD, 
A), and RF-MS, B). 
 
After the application of the electroless deposition, it was observed that while the PECVD 
samples presented an Ag NPs deposition on the surface, figure 7.4A, similarly to the 
observed in c-Si; the samples grown by RF-MS shown an extreme texturization with a 
considerable thickness loss, figure 7.4B. This means that the RF-MS film gets rapidly 
removed even for the mild etching of the electroless deposition. 
The above results clearly indicate substantial differences between the growth methods of the 
films. This differences have such high influence in the MACE process, which even leads to 
precluding the a-SiNWs growth. In order to better understand the differences and their 
impact on the MACE process, a much thoroughly characterization of the films was 
performed.  
Hydrogen in a-Si:H is known to passivate the dangling bonds of the amorphous silicon89. 
This translates in a better stability of the material which tends to be less reactive with its 
surroundings. Due to the lack of studies on the influence of the hydrogen on the formation 
A B
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of a-SiNWs by MACE, we cannot know beforehand the role it plays on the success of the 
process. However, because the huge importance it has in the passivation of the surface, a 
poor incorporation of hydrogen on the RF-MS films could be behind its low stability against 
the MACE. In order to investigate this possibility, the hydrogen content was studied by FTIR 
measurements on the films. As commented in the experimental section, intrinsic c-Si wafers 
two side polished wafers have to be used as substrates for this technique. The reason why 
these substrates are required, is that they are mostly transparent in the wavelength region of 
the technique, allowing the transmission configuration necessary to extract the hydrogen 
content (cH).  
The cH obtainment of the a-Si:H films form FTIR spectrum, is based on the analysis of the 
two main bands presented in the material; one centered in 630 cm-1 and other between 2000 
and 2100 cm-1. The first band is known to contain the rocking and wagging modes of all 
possible Si-H bondings, being related with the total amount of the hydrogen on the 
samples148. On the other hand, the second band arises from the stretching modes, which 
slightly changes their central frequency depending if Si-H bond corresponds to a 
monohydride (SiH) or polyhydride (SiHx)
149. Therefore, this band allows the identification of 
the form in which the hydrogen is incorporated, something which have deep implications in 
the morphology and characteristics of the deposited material. Moreover, the 2000-2100 cm-
1 band can also be used to obtain the cH, helping us to double check the cH value obtained 
from the first band. 
The analysis of the cH was performed following the BCC method
148 with the corrected 
proportionally factors of Langford et al 149. By this method, the cH is obtained from the 
integration of the two bands, Equation 7.1 and Equation 7.2, where A630, A2000 and A2100 
are the proportionally factors. 
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In Equation 7.2 two contributions are clearly distinguished in the stretching band, one in 
2000 cm-1, which corresponds to the SiH, and other one at 2100 cm-1, corresponding to the 
SiHX. Is important to mention that in the polyhydride band are not only found the SiH2 and 
the SiH3, this band usually include other bonding configuration such as hydride clusters, 
internal voids etc.89; which are usually considered as defects and an indicator of poor quality 
of the material. 
To explore the characteristics of the a-Si:H films deposited by PECVD and RF-MS; a set of 
3 samples were prepared with approximately the same thickness. Two samples were grown 
by RF-MS, the first one without introducing hydrogen in the chamber during the synthesis, 
serving as reference, and other sample with an H2/Ar flux ratio of 
1/3. The last of the three 
samples was grown by PECVD in the standard conditions. The FTIR spectra of these 
samples are shown in figure 7.5A. As expected, the RF-MS sample grown without H2 show 
none of the vibrational bands of the SiH (displayed in the figure as discontinuous straight 
lines). On the other hand, the PECVD sample show very clear SiH bands with a stretching 
band clearly centered in 2000 cm-1 which indicates a majority of monohydride composition. 
Performing the BCC method for the obtainment of the cH, we can get a total amount of 
hydrogen of 12.5%, which approximately 10.8% comes from SiH and 1.7% from 
polyhydrides. 
Surprisingly, the RF-MS sample assisted with H2 during the growth only show a faint band 
in the 630 cm-1. The stretching band is a bit more visible, but only the component centered 
in 2100 cm-1 is appreciable. This result clearly indicates a majority incorporation of 
polyhydrides, formation of microvoids and anomalous microstructures89. A high intensity of 
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the 2100 cm-1 component, is usually related with a very high incorporation of H2
149. However, 
when the BCC method is applied on this spectrum, it is found a mismatch on the 
concentrations in each band, leading to the impossibility to apply the method accurately. This 
problem might arise from the fact that FTIR needs very homogenous layers, and the irregular 
film morphology observed by FESEM, figure 7.2B, might be disturbing the low frequency 
bands of the spectrum. Moreover, this columnar and porous shape observed in FESEM, is 
usually related with microvoids formation, which appears in the spectrum as a high 
polyhydride component. Summarizing, the rough morphology of the layer might be 
preventing the obtainment of an accurate cH, but this morphology might be caused by a huge 
H incorporation in the form of ployhydrides, what is coherent with the obtained spectrum. 
However, as the cH cannot be precisely extracted, it cannot be identified if those 
microstructures come along with an excess of hydrogen or if we are only incorporating H in 
the form of polyhydrides. This matter is indeed important because it could help to reveal the 
role of the cH in the success of the MACE etching. 
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Figure 7.5 A) FTIR spectra of samples growth by PECVD and RF-MS with and without H2 during 
the deposition. In dashed lines the rocking and wagging band (at 630 cm-1) and stretching bands for 
the monohydrides (2000 cm-1) and polyhydrides (2100 cm-1). On B) and C) ERDA and RBS spectrum 
respectively, of a-Si:H deposited by RF-MS and PECVD. 
 
 In order to delve into the subject, RBS and ERDA measurements were performed on the 
of the PECVD and RF-MS samples (with H2 during the growth). These techniques were 
done in the CMAM facilities of the UAM in a Tandem Cockcroft Walton accelerator. Both 
Ion Beam Analysis (IBA) techniques were simultaneously performed with helium ions of 2 
MeV with a grazing incidence of 15º. The ERDA detector was at 30º relative to the incidence 
direction, and the RBS at 170º. As absorber for the ERDA, a 8.5 µm mylar film was used. 
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Results are displayed in figure 7.5B-C, where, in ERDA spectra, figure 7.5B, it is also shown 
a calibration sample of carbon containing a well-known amount of hydrogen (32%).  
Very interestingly, ERDA spectrum, figure 7.5B, shows a stronger hydrogen signal in the 
RF-MS sample than in the PECVD one. The intensity of the signal is directly related with 
the atomic percentage of the element in the sample. Therefore, in RF-MS more hydrogen 
atoms are incorporated. Also, the flatness of the signals in all the samples indicates a 
homogenous distribution of hydrogen along the thicknesses.  
On the other hand, the RBS spectra, figure 7.5C, shows an atomic percentage of silicon 
much bigger in the PECVD sample than in the RF-MS sample. The difference is also 
observable in the interface between the RF-MS deposited film and its c-Si substrate, where 
the sharp increase of the signal indicates a sudden change in composition to a richest Si 
compound (the c-Si substrate). Solely the presence of hydrogen would not be able to explain 
this difference. However, the explanation can be found at lower energies on the RBS spectra. 
Around 750 KeV the recoil of the oxygen atoms is found, which shows no contribution in 
the PECVD samples, but a noticeable intensity in the RF-MS ones. This indicates that while 
the RF-MS films have a presence of Si, O and H, the PECVD only shows Si and H. By 
adjusting the RBS and ERDA spectrum, we can extract the atomic composition of the 
samples. For this calculations the SIMNRA software was used. The atomic percentages 
calculated are displayed in table 7.1. 
Table 7.1 Atomic composition obtained by IBA techniques of RF-MS and PECVD a-Si:H samples.  
 Silicon Oxygen Hydrogen 
RF-MS 52% 31% 17% 
PECVD 90% 0% 10% 
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The atomic composition of both layers shows that although the RF-MS film possesses a 
higher percentage of hydrogen, it is much more unstable under oxidation. The mentioned 
film gets significantly oxidized with time even in air, which is just a mild oxidizer. It is worthy 
to mention that the oxide does not come from the film growth, as XPS performed right after 
the film deposition, figure 7.6, shown a very little oxygen contribution. 
The composition of the RF-MS sample 
obtained by IBA along with the 
observations made by FTIR, indicates 
that the most of the hydrogen is 
incorporated in the form of 
polyhydrides, which have several 
hydrogen atoms per Si atom. This leads 
to a poor passivation of the Si dangling 
bonds which results ineffective even 
under de action of the ambient oxidation, producing an oxygen incorporation not only in the 
surface of the sample but in the whole volume of the film. Thus, when the sample is 
introduced in a much more reactive media, as the HF/H2O2 solution, the oxidation/oxide 
removal eliminates the film way to fast to allow the growth of the SiNWs. 
On the other hand, the PECVD film have shown a very good agreement on the cH obtained 
by the two techniques used. The homogeneous distribution of monohydride bonds has 
demonstrated to passivate effectively the material, not leading to the incorporation of oxygen 
to the film even after several weeks of storing. Moreover, it has allowed the obtainment of 
a-SiNWs by a highly oxidizing method, the MACE. 
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Figure 7.6 XPS spectra of a-Si:H RF-MS sample right 
after the deposition. 
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 On the basis of the above exposed, the PECVD, on the described conditions, has proven 
to be the ideal technique for the growth of a-Si:H films for its application in MACE 
processes. In further experiments only those films will be used as growth material. 
The next step on the growth control of the a-SiNWs, was the adjustment of the etching times 
on the HF/H2O2 solutions. As it has been previously highlighted, in a-Si:H/Cu the etching 
step is especially crucial, even a small excess of time could lead to the peeling off of the whole 
deposited material. Thus, a study on the etching rate was performed. Results displayed in 
figure 7.7 show an etching rate of 12 nm per second at ambient temperature conditions 
(~20ºC). As predicted, the etching rate obtained in the a-Si:H films was considerably higher 
than the one obtained in c-Si, which shown a 10 nm/s rate at 30ºC. 
 
Figure 7.7 A) to D) cross-section FESEM images of a-SiNW on Cu after displayed etching times. 
E) summarized results of FESEM images and linear fitting of the experimental data. 
 
Summarizing, in this section, the experimental parameters of the MACE process has been 
adjusted for the obtainment of SiNWs on deposited a-Si:H. The starting material (a-Si:H) 
has been deeply investigated and its requirements for permitting the a-SiNWs growth has 
been obtained. 
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7.3.2 Calculation of the active material mass 
When the electrochemical properties of a material are evaluated, the active mass plays a 
crucial role in the analysis. As it has been already seen, the specific capacity of a material is 
always displayed in terms of mAh/g. However, the use of this units has a drawback, the 
errors in the active mass calculation highly influence the specific capacity results. Moreover, 
when the amount of material is very low, the uncertainty of the mass can shift hundreds or 
even thousands of mAh/g the specific capacity, inducing incorrect results. 
In the materials seen in previous chapters, the obtainment of the active material mass has 
been a straightforward subject. It has been done by directly measuring its weight, as in the 
case of free-standing electrodes, or by weighting the electrode before and after the material 
deposition, as for the case of the on-foil electrodes. However, in the a-SiNWs electrodes we 
cannot take any of these routes. The direct weighting of the material is not possible because 
it is deposited over Cu substrates. The same way, the electrodes cannot be weighted before 
and after the growth of the material because the process involve many steps which needs 
areas much bigger than the electrodes. Specifically, the PECVD and the MACE on the cells 
need an excess of substrate in order to fit into the holders. 
Due to the mentioned difficulties, the a-Si:H and a-SiNWs mass obtainment was done 
following different indirect routes in order to achieve a good estimation. The study was firstly 
focused in the obtainment of the a-Si:H layer mass, which acts as base material for the a-
SiNWs, then, it was turned to the evaluation of the a-SiNWs mass.  
The first route for the a-Si:H mass obtainment was a statistical study of the weight of 
electrodes composed by Cu foils, with and without a-Si:H on them. The electrodes were cut 
by laser so the area of all of them was approximately the same. The thicknesses of the layers 
were obtained from FESEM cross-section images. A total of 40 electrodes were analyzed. 
The result of this study is displayed in the first entry of table 7.2, expressed as a density of 
Chapter 7  
 
114 
 
the material. As can be seen in the table, the error for this method is quite high. This comes 
from the fact that the low weight of the electrodes has associated a considerable measuring 
error that, when accumulated, grows to a considerable percentage of the magnitude. 
In order to improve the precision of the measurement, another route was taken. The 
deposition area of the a-Si:H layer was augmented to 10x10 cm (the maximum allowed by 
the PECVD holder) allowing an increase of the total weight of the Si material. The Cu 
substrates were weighted before and after the deposition, and the thicknesses of the layers 
were again extracted from the study of FESEM cross-sectional images. The density value of 
this large area deposits, displayed in table 7.2, it is consistent with the previous value. 
Moreover, the increased amount of material leads to a high reduction of the measurement 
error, which allows a good precision.  
Table 7.2 Density values and their error obtained by various methods. 
Method Density (g/cm3) Error (g/cm3) 
Electrodes weighting 2.2 0.4 
Large area deposits 2.22 0.01 
Theoretical model150 2.193 0.008 
 
Another way to obtain the density of the a-Si:H is through its structural parameters. The a-
Si:H has been investigated since more than 50 years, in all this time, many models has been 
proposed for its structure. Remes et al.151 proposed a model in which the a-Si:H structure was 
described as a mixture of the a-Si structure with the substitution of some Si atoms by H 
atoms, with the presence of some vacancies or voids. The definition of vacancies in this 
model is the absence of one (monovacancies) or two (divacancies) atoms by the influence of 
local Si-H bonds, and voids are large areas of missing material also produced by H influence. 
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The model was proposed after the observation that the a-Si:H films presented densities 
which could not be explained just with the substitution of some Si atoms by H. By FTIR 
analysis it was proven that the hydrogen incorporation led to the formation of vacancies or 
voids which could explain the experimental mass deficiencies observed. Remes et al. model 
was afterwards corroborated and extended by Smets et al 150, who set a boundary to the 
validity of this model. They proposed that the mass deficiency is dominated by vacancies 
when the hydrogen content is lower than the 14%, while upwards that limit is dominated by 
voids. In the vacancy dominated area, they observed that the density follows the equation 
7.3150, where Sia  is the density of the amorphous silicon, H  is the density of hydrogen 
and   is the hydrogen incorporation parameter. The   varies between 1/3 and ¼, depending 
on the presence of monovacancies or divacancies, however, Smets et al found experimentally 
a good agreement with a    value of  03.033.0   
HHSiaSiaHSia c)(:      Equation 7.3 
The validity of this relation has been proved among the literature150, being this model one of 
the most accepted in the subject. 
Appling equation 7.3 to our material, we obtain a density which is displayed in table 7.2. 
It can be conclude that all methods used to obtain the density have led to a very similar value, 
which also agrees with the theoretical models and with the literature values149,152. Therefore, 
the value of 2.20 g/cm3 will be used from now on as the a-Si:H density. It is worthy to say 
that the use of the density to obtain the active mass is a well-accepted method in 
literature143,144. 
For the obtainment of the a-SiNWs density, the same methodology used for the a-Si:H layers 
was tested. A large amount of electrodes, composed just by the Cu foil and others by the a-
SiNWs/Cu, were cut by laser and measured in order to extract the a-SiNW density. However, 
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the obtained mass of the a-SiNWs was in the range (or even higher) of the a-Si:H mass. This 
effect could be attributed to the extremely low mass difference before and after the MACE, 
which is close to the weighting error. A similar thing happened when the MACE process was 
performed on cells with a larger reaction area; the values were not consistent within the 
measurements, overestimating or underestimating the weight loss. This weighting erratic 
behavior probably comes from the enormous surface increase due to the growth of the a-
SiNWs, which does not allow a proper mass measurement due to the humidity absorption. 
Moreover, when the MACE were performed on large surfaces, small areas were peel off due 
to local imperfections. The mentioned defects, despite of being small enough to be avoided 
when cutting the electrodes, can alter the weight of the whole layer making inaccurate the 
calculations. 
 Because of this problem, an alternative route was proposed: the estimation of the material 
loss through FESEM observations. This method consisted in the observation of the amount 
of material removed through top-view and cross-section FESEM images. From top-view 
FESEM images, figures 7.8A, C and E, the top part of the a-SiNWs were extracted and 
leaving the images as a black and white diagrams, figures 7.8B, D and F. Those diagrams 
had a white part which correspond to the a-SiNWs and a black part which is the removed 
material by the MACE. The ratio between the removed and the kept gave us the percentage 
of remaining material, inset of figure 7.8B, D and F. The statistical study of various samples 
led to an average of material loss of the 54% with error of ±5%. 
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Figure 7.8 a-SiNWs top-view FESEM images (A, C and E) and respective processed images (B, D 
and F) with the remaining percentage of material labelled. 
 
After the obtainment of the percentage of material removed and the length of the a-SiNWs 
(by cross-sectional FESEM images) the estimation of the total mass of the a-SiNWs could 
be made. 
7.3.3 Electrochemical performance of the a-SiNWs 
Once the mass of the electrodes was properly obtained, the batteries were assembled and 
their electrochemical performance was obtained by galvanostatic cycling. In order to 
compare the electrochemical properties of the a-SiNWs with the original material (the a-Si:H 
film), only a part of the deposited a-Si:H film was transformed to a-SiNWs. This way, the a-
Si:H electrodes come from the same deposition as the a-SiNWs electrodes, and have exactly 
the same composition. 
 For the electrochemical characterization, the a-Si:H samples had a thickness of 1 µm and a-
SiNWs ones had originally the same thickness but, after the MACE, 650 nm were 
transformed into nanowires. 
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The electrochemical potential spectroscopy data of this two type of electrodes is displayed 
in figure 7.9. Firstly, it can be appreciated that the a-SiNWs electrode shows a much bigger 
specific capacity than the a-Si:H film, figure 7.9A. From this figure it is observed that the a-
Si:H film show for the first cycle a specific capacity around 2800 mAh/g, while the a-SiNWs 
4100 mAh/g. It is worthy to mention that, the specific capacity value shown by the a-Si:H 
film is very similar to the reported capacities of other Si thin films with similar 
thickness140,141,143,145. This similarity with literature results once more corroborate our mass 
estimations and points out the extraordinary improvement obtained by the growth of the a-
SiNWs. 
The huge difference in the capacity may be explained by several reasons: shorter diffusion 
lengths, higher volumetric expansion and less film stress in the a-SiNWs. The high surface-
volume structures, such as the SiNWs, have shorter diffusion distances than plane structures 
due to a higher contact area with the electrolyte141. The higher is the surface, the lower is the 
influence of Si poor ionic conductivity of lithium and slow mass transfer, which usually 
hinder the electrochemical performance of Si electrodes. The mentioned effect can be 
appreciated in the DC curves of the a-Si:H films, figures 7.9B-D, where is shown a 
considerable shifting of their cathodic and anodic peaks (compared to a-SiNWs) to lower 
and higher voltages respectively. Furthermore, the commented over-voltage of the a-Si:H 
films is even more notable in the inset figure 7.9C, showing a sharp peak downwards due 
to the material poor kinetics. This anomalous behavior is also noticeable in the DC curves 
in figure 7.9C and figure 7.9D as a cathodic peak in the positive area. On the contrary, the 
a-SiNWs does not show any of the mentioned problems, making clear a much faster mass 
transfer due to the increased area in contact with the electrolyte. 
Another likely reason for the increased performance of the a-SiNWs is that the pillar 
structure is known to allow a higher volumetric expansion capabilities146. This structure could 
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also permit the achievement of a Li richest compound in a similar way that the case of the 
thick oxide presence against oxide-free surface121. The aforementioned is much difficult to 
state from the EC data, as is usually observed as a displacement of the anodic peaks to lower 
voltages 153,154. However, in our data, this can be obscured by the presence of overvoltage in 
the reference material (the a.Si:H electrodes). Therefore, to approach this possibility, another 
kind of analysis should be performed. 
Lastly, the capacity gain could also come from a lower film stress compared to the starting 
film141,155. The reduction of the stress of the a-SiNWs may be due to the thickness reduction 
of the film which accompanies its growth. A lower film stress should reduce the fracture that 
the layer suffers with the cycling, improving the capacity. Indeed, the differences in the film 
fracture can be noticed in figure 7.9A. The capacity of the a-Si:H film after the 2nd cycle 
increases reaching a maximum in the 7th cycle. On the other hand, the a-SiNW film reach its 
maximum in the 3th cycle. This interesting effect is related with the cracking of the film. The 
expansion and shrinkage of the film due to the lithiation/delithiation produces some cracking 
on the film. After the material achieve an enough crack density, it becomes resistant to 
further cracking increasing the material activation141. The mentioned fact is even more clear 
in the VP of the a-Si:H film in figure 7.9E, where it is seen how the capacity is substantially 
reduced in the 2nd cycle and is surpassed by the capacity of the 10th cycle. The indicated 
behavior is also noticeable in figure 7.9C-D, as in the 10th cycle more material is activated 
than in the 2nd one. As mention, the commented effect is largely reduced in the a-SiNW 
electrode, what indicates a much lower fracturing.  
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Figure 7.9 A) Graph of the specific capacity as a function of the cycle number for two electrodes: A 
reference electrode of a-Si:H and an electrode of the same batch but with a-SiNWs grown on it. Inset, 
the capacity of the same electrodes but without normalizing the capacity by the mass. B)-D) 
Diferencial capacity curves of the mentioned electrodes of the 1st, 2nd and 10th cycle, respectively. 
Inset in C) a section of the voltage profile of the lithiation of the 2nd cycle. E) voltage profiles of the 
a-Si:H electrode for the 1st, 2nd and 10th cycle. 
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As it has been shown along the chapter, the formation of the a-SiNWs from the a-Si:H entails 
a material loss and some experimental difficulties. Therefore, the higher specific capacity is 
not a sufficient reason to opt for the formation of the a-SiNW if the total capacity of the 
material (regardless of the mass) is lower than the starting material. In order to check if this 
is our case, in figure 7.9A it is displayed the total capacity of the electrodes without the mass 
normalization. The a-SiNWs shows an important capacity gain, over the 20%, of the total 
capacity respectively the a-Si:H film. This result is truly interesting, because it means that 
even with smaller amount of material, the a-SiNWs are capable of activating more material 
than the pristine a-Si:H film. 
The herein exposed makes clear that the growth of the a-SiNWs produces an extraordinary 
improvement of the electrochemical performance respectively to the starting material. The 
a-SiNWs allow to overcome many of the problems of the films by: reducing the diffusion 
distances, allowing a higher volume expansion and reducing the fracturing of the films. 
Despite of the extremely good results shown, the a-SiNWs still show one of the biggest 
drawbacks of the a-Si films, the fast capacity fading. In figure 7.9A it can be seen how the 
extraordinary specific capacity of the first cycles gets reduced to ¼ of the original specific 
capacity after 100 cycles and after 150 cycles the specific capacity has been reduced to only 
500 mAh/g. As it has been commented in previous chapters, this is a classical problem of 
the Si; without an additive that helps him to maintain the integrity of the structure, it slowly 
degrades due to the shredding produced by the volumes changes. In a-Si films, the 
overcoming of this problem is rather difficult; the rapid decrease of surface/volume ratio 
with the increase of thickness reduces the effectiveness of any additive applied in the surface. 
The aforementioned, force us to keep low thicknesses and, therefore, low mass per electrode. 
At this point the a-SiNWs are a great response to the problem, their high surface/volume 
ratio could potentially allow the surfaces additives (CNTs, carbon layers etc.) reach to the 
majority of the mass, which could increase the electrode cycling performance.  
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7.4 Conclusions 
The first result which can be highlighted from the chapter, is the grow of a-SiNWs from a-
Si:H on top of Cu substrates through a MACE process. To our knowledge, this is the first 
reported work on the growth of a-SiNWs by MACE on a substrate different from the c-Si. 
The a-Si:H deposition was done by two techniques (RF-MS and PECVD). However, the a-
SiNWs growth was only achieved by PECVD. Along the chapter an extensive analysis has 
been made to determine the reasons for the unsuccessful growth of a-SiNWs on the RF-MS 
samples. This study has concluded that the microstructure formation during the deposition 
and an inefficient hydrogen passivation, are the main causes which prevent the growth of a-
SiNWs on RF-MS samples.  
Another important achievement of the chapter has been the mass estimation of the a-Si:H 
and a-SiNWs electrodes. We have applied several routes for this purpose and all of them 
have shown a very good agreement on the results.  
The novel a-Si:H/Cu and a-SiNWs/Cu electrodes has been electrochemically characterized. 
The results shown an impressive increase of the capacity when the a-SiNWs are grown (20% 
in neat capacity and 45% in specific capacity). The causes of this capacity increase has been 
addressed by the analysis of the EC data and it has been attributed to the shorter diffusion 
lengths, higher volume expansion capabilities and reduced internal strain of the film.  
In spite of the fact that the a-SiNWs still show an important capacity fading, the huge increase 
of surface could permit the application of carbon based materials which could boost their 
cycling performance. This topic is currently under research and future work will be done in 
this direction. 
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Chapter 8:  
Stability of Titanium Carbides 
(MXenes) 
 
 
8.1 Introduction 
The present chapter focuses on the oxidation stability of MXenes, an emerging class of 2D 
materials which has found extensive applications in electrochemical energy storage50,51,156, 
FETs,157electromagnetic shielding158 and many others. Moreover, they can be subjected to 
liquid exfoliation159 for large-scale synthesis, which makes them very interesting for industry 
level applications. In this chapter are studied the most commonly used MXenes: the Ti3C2Tx 
and Ti2CTx. Their good conductive properties,
160 as well as their outstanding electrochemical 
performance,50,156 render them the ideal candidates not only for stand-alone electrodes but 
also as additives for the formation of hybrid electrodes. This is the focal point on the study 
of this material, its application into the LIBs along with the SiNWs. Nevertheless, before 
considering the formation of SiNWs/MXene hybrid electrodes, there is an important subject 
to overcome in this novelty materials: their stability. Previous studies found that the Ti3C2Tx 
degrade either in humid air157 or water161, and this degradation is even faster in the Ti2CTx
48. 
This could be a serious obstacle in their application and makes absolutely necessary the 
comprehension of the degradation process, as well as the development of protocols to 
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prevent it. In the literature there is no such reports, therefore, this will be the aim of this 
chapter: a comprehensive study of the degradation mechanisms of the MXenes, the factors 
which influence it and the ways to suppress it.  
8.2 Experimental 
The obtainment of the MXene colloidal solution was achieved by two subsequent processes: 
the etching of the MAX phase to obtain multi-layered MXenes and its delamination to 
produce a mono-layered (or few-layered) MXene colloidal solution.  
8.2.1 Preparation of multilayered MXenes 
 The multilayered (m-) Ti3C2Tx or Ti2CTx powders were prepared by acidic etching of 
corresponding MAX phases according to the literature50. Firstly, 1 g of LiF (Sigma Aldrich, 
USA) was added to 10 ml of 9 M HCl solution (30 wt.%, USA). After 0.5 h of stirring, 1 g 
of Ti3AlC2 was slowly added to the acidic solution. Then the mixture was transferred to an 
oil bath where it reacted for 24 h at 35 ºC under stirring. After that, the etched material was 
washed with deionized (DI) water and centrifuged several times until the pH of the 
supernatant reached 6. Finally, the dispersion was filtrated through a Celgard membrane 
(Celgard 3501, PP coated, USA) and then, the as-obtained cake was dried in a desiccator for 
a whole night. The m-Ti2CTx was similarly prepared except using the Ti2AlC MAX phase.  
8.2.2 Delamination of multilayered MXenes 
 The delamination of m-Ti3C2Tx and m-Ti2CTx was conducted in the same way. Typically, 
200 mg of dried m-Ti3C2Tx cake was added to 50 ml of water and was vigorously stirred for 
1 h to ensure complete re-dispersion. The solution was degassed for 10 min in a pulsed 
sonication bath while bubbling with Ar. After that, the dispersion was continuously sonicated 
for 1 h under Ar bubbling. During sonication, the temperature was held at 20 °C while the 
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frequency was set to 37 kHz and the power amplitude to 60%. Afterwards, the dispersion 
was centrifuged at 3500 rpm for 1 h to separate the delaminated flakes from the unexfoliated 
particles, and labelled “standard delaminated Ti3C2Tx (d-Ti3C2Tx)”. The sediments were 
recycled and the above process (sonication and centrifugation) was repeated to obtain a 
sufficient quantity of colloidal solution. The supernatant was injected into normal glass 
bottles, sealed with parafilm and stored in a room temperature environment. This 
environment was denoted as “Air@RT”. We also stored the d-Ti3C2Tx colloidal solution in 
the fridge (5 °C), a low temperature environment (Air@LT). To further improve the stability 
of the MXene flakes, the fresh d-Ti3C2Tx colloidal solutions were hermetically sealed within 
Ar-filled bottles immediately, which were then stored at room temperature (Ar@RT) and in 
the fridge (Ar@LT). Delaminated Ti2CTx (d-Ti2CTx) colloidal solution was similarly prepared 
and stored in the Air@RT and Ar@LT environments.  
8.2.3 Size selection of d-Ti3C2Tx flakes 
  In order to obtain colloidal MXene dispersions with different lateral flake sizes, a liquid 
cascade centrifugation technique162 was performed. This process was made right after the 
sonication described in the delamination. The as-sonicated Ti3C2Tx solution was first 
centrifuged at 1000 rpm (134 g) for 1 h. The sediments, containing unexfoliated/ restacked 
MXene or incompletely etched MAX, were discarded. The supernatant, which contained 
flakes with a wide range of sizes, was subjected to a second centrifugation at 2500 rpm (837 
g) for 1 h. The sediments, obtained in the speed range “1000-2500 rpm”, were collected and 
re-dispersed to form a colloidal solution via vigorous shaking for 5 min. This sample was 
denoted as “large”. The supernatant was continuously centrifuged at increasing speeds while 
the sediments between the two centrifugation speeds were collected and re-dispersed, namely 
2500-4000 rpm (2144 g, “medium large”), 4000-5500 rpm (3320 g, “medium”) and 5500-
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7000 rpm (5379 g, “medium small”). The final supernatant was gathered and named as 
“small”. A scheme of the process in displayed in scheme 8.1. 
 
Scheme 8.1 Diagram of the size selection process. 
 
8.3 Results and discussion 
8.3.1 Stability of standard samples at Air@RT 
For most applications, Ti3C2Tx MXene aqueous dispersions are stored at room temperature 
(23 °C, Air@RT) 53,163 with no further protection. These parameters were the starting 
conditions of the MXene stability studies. By electron microscopy analysis, it was observed 
that the standard as-synthetized Ti3C2Tx flakes, figure 8.1A and figure 8.1G, shows a clean 
surface and edges. Moreover, high-resolution TEM revealed clear lattice fringes, figure 8.1D, 
suggesting the nanosheets are single-crystalline. SAED pattern, inset of figure 8.1D, shows 
a hexagonal atomic arrangement, which is coherent with previous reports on Ti3C2Tx 
MXenes.48,55  
After aging in Air@RT for 1 week, at the edges of the sheets, some “branches”, up to 100 
nm in size, are formed, figure 8.1B. However, in the basal planes, only small nanoparticles 
of 2-3 nm in size are observed. Analyzing by fast-Fourier transform (FFT) the latter of the 
branches and nanoparticles formed, it was obtained a clear pattern which match with TiO2 
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anatase (inset of figure 8.1E). Moreover, the SEM images in figure 8.1H, also showed 
contrast differences between edge and basal plane sites. These much brighter areas on the 
edge are symptomatic of change in composition of the material, which match with the 
formation of anatase TiO2 observed by TEM. 
 Further aging in Air@RT for 30 days resulted in the complete degradation of the sheets, 
only being able to find anatase debris and disordered carbon, shown in figure 8.1C, F and 
I. Despite figure 8.1F still shows some sheets, both the edges and basal planes shows an 
extreme charge effect and blurry edges, being significant of a high degradation stage and 
anatase presence. The color of the dispersion also evolved from dark green to cloudy-white 
during the aging process (inset of figures 8.1G, H and I). The observations performed by 
electron microscopy analysis, suggests that the degradation process is faster on the edges, 
while the basal planes seems to be more resilient to the process. Therefore, during the aging, 
the “branches” grow from the edge sites to the basal plane, shredding the nanosheets into 
small particles (debris).  
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Figure 8.1 TEM images of (A) fresh d-Ti3C2Tx solution and aged solutions in Air@RT for (B) 7 days 
and (C) 30 days, respectively. (D-F) are high resolution TEM images in (A-C), respectively. Inset in 
(D) is the corresponding SAED pattern and in (E-F) are the corresponding FFT patterns. SEM 
images of flakes from the fresh standard solution (G) after aging in Air@RT for (H) 7 days and (I) 
30 days. Insets in (G-I) shows that the color of the standard solution changes over time. 
 
  To further confirm the composition of MXene solution after different periods of 
degradation, Raman analysis was performed. The fresh sample, figure 8.2A, showed the 
expected vibrational modes for Ti3C2Tx MXene.
33 After aging the MXene solution in 
Air@RT for 14 days, the Ti3C2Tx vibrational modes fully disappear, only being possible to 
detect anatase and disordered carbon peaks, figure 8.2A and B. When the exposure to 
Air@RT is increased to 60 days, the anatase signal intensify, being able to identify more of 
the vibrational modes of the anatase.33  
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TiO2 {004}
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Figure 8.2 Raman spectra of fresh as well as aged MXene films for different durations A) and 
zoomed area of the carbon signal for the 14 days aged sample. 
 
  The evolution of the surface of the Ti3C2Tx flakes was further monitored by XPS. Figure 
8.3A shows the high-resolution XPS of the fresh MXene film in the Ti 2p region. In this 
spectrum it is observed the typical Ti3C2Tx MXene signal, with a pair of asymmetric peaks 
corresponding to a Ti-C bond (formation of Ti Carbide) at a binding energy of 455 eV, two 
sets of symmetric peaks indexed to Ti (II) (~456 eV) and Ti (III) (~458 eV) which can be 
attributed to the presence of sub-oxide and/or hydroxide, and Ti (IV) oxide (TiO2) (~ 459 
eV). 164 After 10 days in Air@RT, the shape of the spectra significantly changes. Its 
deconvolution shows that the Ti (IV) oxide peak increases substantially while the carbide 
peak intensity gets reduced, figure 8.3B. After the MXene colloidal solution was aged in 
Air@RT for 25 days, no carbide signal was detected and the remaining signal was attributed 
to 5% Ti (III) sub-oxide and 95% TiO2, figure 8.3C.  
The evolution of the XPS spectra to TiO2 clearly matches with the Raman and electron 
microscopy observations, which shows a similar degradation rate. In addition, the presence 
of Ti (II) and (III) sub-oxides and/or hydroxides in the initial 10 days, figure 8.3C, and their 
substantial concentration decrease after 25 days, suggest that the Ti (II, III) hydroxides 
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and/or oxides, are intermediate phases in the degradation of Ti3C2Tx into anatase TiO2. This 
oxidation phenomenon is also found in monolayered or multilayered MXene that are 
exposed to air45 or water.161  
 
Figure 8.3 XPS results of fresh d-Ti3C2Tx film (A) and film that was aged in Air@RT for 10 days 
(B) and for 25 days (C). 
 
In order to quantify the degradation phenomenon and track it with a higher periodicity, UV-
Vis measurements of the solution were performed. The extinction spectra of a selected 
sample, for the displayed days aging in Air@RT, is shown in figure 8.4A. In this figure it 
can be seen the clear evolution of the fresh d-Ti3C2Tx spectrum to the typical TiO2 
spectrum165, with a continuous decay of the Ti3C2Tx features. The intensity at 785 nm was 
chosen as the metric for the concentration of the MXene nanosheets. Its normalized intensity 
plotted as a function of time can allows us to track the degradation of the colloidal solution 
similarly as it has been done for other 2D materials166. The 785 nm peak was selected to 
normalization due to its consistent decrease of intensity with the aging of the material, being 
a feature away enough from the TiO2 exciton at 300 nm to not be affected by it. 
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Figure 8.4 UV-Vis extinction spectra of the standard d-Ti3C2Tx MXene solution aged in Air-RT for 
different durations A) and experimental data and fitting of the normalized intensity of the 785 nm 
peak as a function of time B). 
 
The evolution of the normalized intensity, figure 8.4B, was fitted to an empirical 
function,166equation 8.1, where Aunre are the stable/unreactive nanosheets, Are the 
reactive/unstable ones, and τ is the time constant (days). 
/t
reunre eAAA
      Equation 8.1 
 It is quite remarkable that the MXene nanosheets follow very accurately an exponential 
decay with a time constant of only 4.8 days. Furthermore, if the proportion of reactive 
material, )/( reunrere AAA  , is calculated, a value of 99.92% is obtained, indicating that all 
the MXene nanosheets are vulnerable to degradation.  
The observed exponential decay is similar to the degradation behavior of aqueous solutions 
of black phosphorous, which showed a comparable time constant of 7.9 days.166 These results 
show that after 10 days the amount of Ti3C2Tx has been reduced almost to an 80% of their 
initial proportion, and after 15 days the MXene signal is not appreciable, what is in a very 
good agreement with the Raman and XPS observations. 
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8.3.2 Influence of ambient conditions in stability   
Based on above results, it is clear that d-Ti3C2Tx MXene aqueous solutions are unstable in 
Air@RT environments. Moreover, the obtained degradation rate is too high to ensure the 
performance of the MXenes in various applications and makes necessary to develop ways 
for improving the lifetime of the aqueous solution. This subject was approached by two ways: 
introducing the aqueous solution into an oxygen-free environment and lowering the 
temperature to reduce the oxidation rate. The use of these methods could not only allow the 
finding of the most appropriate way to preserve the solution, but could also help the better 
understanding of the oxidation process. If in the oxygen-free environment the degradation 
rate does not improve, clearly the water is the main oxidizer agent of the d-Ti3C2Tx. In the 
opposite case, the oxygen is the main oxidizer one. 
 The oxygen-free environment was achieved by introducing the d-Ti3C2Tx aqueous solution 
into Ar-filled bottles, which were pre-assembled inside the glove box at a pressure of 2.3 bar. 
The compressed Ar could effectively prevent the air from entering the water medium and 
forming dissolved oxygen. Moreover, the multilayered Ti3C2Tx suspension was degassed 
prior to and during bath sonication, to remove the dissolved oxygen from the fresh d-Ti3C2Tx 
aqueous solution. Consequently, the solution stored in Ar-filled bottles was well protected 
from the dissolved oxygen. Lowering the temperature could also improve the lifespan of the 
d-Ti3C2Tx aqueous solution by reducing the oxidation rate  as Arrhenius equation predicts.
167 
The usefulness of these methods were tested and the stability of MXene aqueous solutions 
in different environments, named Air@LT, Ar@RT and Ar@LT are compared with 
Air@RT in figure 8.5A. In this figure it can be seen how the stability was remarkably 
improved by introducing a lower temperature and/or Ar environment. After 25 days, the 
concentration of the Air@LT sample was only reduced to the 57% of the initial, in sharp 
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contrast of 86% and 95% of the Ar@RT and Ar@LT respectively. In all cases, the lifespan 
was substantially increased when compared with the Air@RT. 
 
Figure 8.5 Stability of colloidal d-Ti3C2Tx in different environments A). The dotted lines are the 
fitting results according to the empirical equation /t
reunre eAAA
 .Time constants of colloidal d-
Ti3C2Tx in different environments, B). Low, C), and high, D), magnification TEM images of aged d-
Ti3C2Tx flakes in Ar@LT for 14 days. Inset in D) is the corresponding FFT pattern. 
 
The improved stability of Ar-stored samples, compared to the Air-stored ones, suggests that 
the removal of the dissolved oxygen from the colloidal solutions is considerably more 
effective than merely lowering the temperature of the solution. The aforementioned 
highlights the dissolved oxygen as major oxidant of the Ti3C2Tx, while the aqueous medium 
is just a mild one. This observation was further supported by fitting the degradation results 
with the exponential decay model. The time constants, shown in figure 8.5A-B, exhibited 
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an improvement of almost an order of magnitude when the MXene solution were stored at 
LT (from 4.8 to 42 days), and were further increased to 198 and 740 days (about two years) 
in Ar@RT and Ar@LT, respectively. The above results show that the Ar@LT is the best 
environment for storing MXene colloidal solutions. This point was further supported by the 
Raman (not shown), XPS (not shown) and electron microscopy, figure 8.5C-D. In these 
TEM images, it can be seen that the MXene flakes stored in Ar@LT for 1 month still show 
a relatively clean and even surface, despite of the presence of some “branches” at edges. The 
higher magnification TEM image in figure 8.5D shows no anatase nanopaticles, in sharp 
contrast with the observed in Air@RT samples. Moreover, the FFT in the inset of the figure, 
also indicates a well-kept crystallinity of the Ti3C2Tx in the Ar@LT sample.  
8.3.3 Influence of flake size on stability 
From the analysis of the electron microscopy images, it was stated that the degradation at 
the edges was considerably faster than in basal planes. These result indicates that flake size 
could potentially be a critical factor in the stability of the MXene solution. Due to the fact 
that smaller flakes have a bigger perimeter to surface area, they could degrade much faster 
than bigger flakes. To check and quantify this assumption, it was investigated the influence 
of the size of the flakes into the kinetics of the degradation. Instead of using the standard d-
Ti3C2Tx solution, that has a broad size distribution
168, we performed a size selection of the 
colloidal solution via a cascade method.162,169 From the five ranges of sizes obtained from the 
cascade centrifugation, three representatives were chosen, namely, large, medium and small 
flake samples, in order to have wider size differences. Figure 8.6A-C show the SEM images 
of size-selected flakes, indicating smaller flakes were obtained as the centrifugation speed 
was increased. Histograms of the lateral size of the flakes, which were performed through 
SEM image analysis, figure 8.6D-F, further confirm the size reduction with the increasing 
centrifugation speed.  
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Figure 8.6 SEM images of size selected samples ranging from the largest size on the left to the 
smallest size on the right, A) to C). D) to F) corresponding lateral flake size histograms of A) to C). 
 
To quantify the degradation rate of the different sized samples, the stability was obtained 
through the normalized extinction spectra. The stability of colloidal solutions with various 
sizes, shown in figures 8.7A-D, suggested that large MXene flakes are the most stable, 
followed by the medium and small ones. This fact is appreciable in all the ambient conditions, 
making clear that the degradation process is an edge-driven reaction. Moreover, the stability 
results again highlight a huge lifespan increase of the dispersions by introducing them into 
Ar and LT conditions. The lower stability of smaller flakes could also be confirmed by TEM, 
as shown in figure 8.7E-F, where it can be observed a much advanced degradation stage in 
the smaller flake.  
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Figure 8.7 Stability results of small, medium and large d-Ti3C2Tx flakes in Air@RT, Air@LT, 
Ar@RT and Ar@LT, A) to D) respectively. The dotted lines are the fitting results according to the 
empirical equation, /t
reunre eAAA
 .  
 
From the normalized intensity of the extinction spectra, it was further estimated the time 
constants (τ) of colloidal solutions with varying flake sizes by fitting the data points in figure 
8.7A-D. Once again, the exponential decay model explains the degradation behavior of the 
dispersions quite well, regardless of flake size. The τ of the different sized samples in the 
tested environments are summarized in Table 8.1. Here, it can be seen how the lifespan of 
the large flakes is considerable higher than the smaller ones in every case. This result is also 
observed when comparing the medium and small sizes, where only in the Air@RT a reverse 
behavior is observed due to the proximity of the results.    
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Table 8.1 Time constants of different sizes in different environments 
Size 
Time constant (τ) (days) 
Air@RT Air@LT Ar@RT Ar@LT 
Large 9 75 2100 2400 
Medium 5.1 43 205 555 
Small 6.2 30 138 255 
 
Very interestingly, the τ of the standard d-Ti3C2Tx sample in Ar@LT was 740 days, a value 
between that of the small flake sample and the large flake one, indicating that the instability 
of smaller flakes is the main cause for the short lifetime of the standard MXene dispersion. 
The aforementioned conclusion can be also extended to the other environments, where 
similar results are observed. 
To gain more insights into the size effect, the τ as a function of flake size, figure 8.8, was 
fitted using the equation 8.2166, where “a” and “b” are coefficients, and “L” is the mean 
flake size (nm).  
bLa 10*   Equation 8.2 
In this figure, the correlation between flake 
size and τ for each environment can be 
clearly seen. In addition, the fitting 
parameters and correlations are listed in 
table 8.2. These correlations are extremely 
important and useful, because it allows a fast 
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knowledge of the mean size of the MXene flakes in-situ from the UV-Vis spectra, without 
requiring electron microscopy or other size measurements and vice versa.  
  Based on the above discussion, the large flake 
dispersion stored it in Ar@LT environment, would be 
the ideal conditions to store MXene aqueous 
solutions. In these conditions, the solution is 
extremely stable, only degrading a 1.2% over 25 days. 
The fact that the Ti3C2Tx MXene dispersion still 
degrades in absence of oxygen can be attributed to the 
water medium, a mild oxidant for MXenes. Therefore, 
if the flakes are separated from water the degradation 
should be fully avoided.  
8.3.4 Preserve of the MXenes in absence of water 
To remove the water from the MXene solutions, they were subjected to a vacuum filtration 
process, obtaining compact films of stacked flakes, figure 8.9 A-C. After the filtration, the 
material was introduced into a desiccator for 24 h in order to get rid of any water remains. 
To check if the material still oxidizes, a film produced from as-obtained material and a 
filtrated film aged 30 days in Air@RT (aged after filtration) were analyzed by Raman, figure 
8.9D. The Raman spectra show no difference between the films and a total absence of 
anatase signal, meaning that the flakes are well preserved when they are separated from water. 
This result is understandable, as the compact morphology, figure 8.9C, prevents the inner 
nanosheets from interacting with humid air, preserving the majority of the material 
unoxidized. This conservation method would be useless if the filtrated material would not 
be able to be redispersed again. However, just by a simple magnetically stirring in water or 
manual shaking, it quickly re-disperse and form a colloidal solution, figure 8.9E, 
 Table 8.2 Fitting parameters and 
correlations for listed environments 
Sample Metrics 
Air@RT L00026.010*7.5  
Air@LT L0006.010*25  
Ar@RT L00168.010*80  
Ar@LT L0014.010*180  
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demonstrating excellent reversibility. This result is very important, as it allows us to keep the 
quality of MXene high, even for prolonged periods of time in Air@RT. 
 
Figure 8.9 Filtrated MXene film A)-B). Cross sectional SEM image of a MXene filtrated film from 
colloidal solution, C). Raman spectra of fresh as-produced MXenes and filtrated film after 30 days in 
Air@RT conditions, D). Redispersed MXene film in water by manual shaking, E). 
 
 The degradation process of the Ti3C2Tx MXene can be summarized as follows: (1) In Air 
environments, there is presence of dissolved oxygen and water, which both act as oxidizers 
of the flakes. The formers react more actively in the edges, leading to the formation of 
anatase (TiO2) and degrading the material. Small size flakes and/or storing the dispersion at 
RT contributes to the acceleration of the flakes degradation. This process is schematically 
illustrated in scheme 8.2A. (2) Through elimination of dissolved oxygen from water via 
storing the material in compressed Ar vials, the degradation phenomenon is substantially 
suppressed, reaching time constants of several years. Even so, the flakes still degrade slowly 
over time, scheme 8.2B. (3) If the flakes are separated from water via vacuum-assisted 
filtration, the degradation is effectively suppressed being regardless of the environment, 
scheme 8.3C.  
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Scheme 8.2 Schematics of degradation of the colloidal d-Ti3C2Tx MXene aqueous solution in 
Air@RT A), Ar@RT B), and the filtrated film under Air@RT, C). In A), the high solubility of oxygen 
in water provides a continuous source for MXene degradation. In B), in the absence of dissolved 
oxygen, water (a mild oxidant) slowly degrades the MXene flakes in the Ar-based environment. In 
C), the outer flakes and the compact nature of the film prevents the oxidation of the majority of the 
material. 
8.3.5 Extension of the results to other MXenes 
Another popular MXene which could get really benefited from an increase of the lifespan is 
the Ti2CTx. This material has very promising electrochemical performance as a battery and 
supercapacitor electrode.156,170 However, its high degradation rate48,171, which could be 
attributed to the fact that MXenes, Mn+1Xn, becomes more stable as n increases from 1 to 
351, could potentially hinder its application. For this reason, it is a perfect candidate to test if 
the above described degradation process can be applied for all MXenes, and, consequently, 
the investigated protocols to extent their lifetime.  
The as-delaminated (d-) Ti2CTx MXene colloidal solution, has a pink color, figure 8.10A, 
and consists of ultrathin, electron-transparent nanosheets, figure 8.10B. In order to check 
A
B
C
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its stability under common ambient conditions, the d-Ti2CTx dispersion was stored in 
Air@RT. Its extinction spectra were obtained similarly as in Ti3C2Tx, and the normalized 
intensity was extracted at wavelengths of 520 nm. The normalized intensity as a function of 
aging time can be seen in figure 8.10C. In contrast with the Ti3C2Tx, the Ti2CTx degraded in 
hours instead of days. Almost a 50% of d-Ti2CTx concentration decayed after aging in 
Air@RT for 8 h, and it was completely gone after 24 h, as shown in figure 8.10C. As the 
Ti3C2Tx, the degradation of d-Ti2CTx flakes also follows an exponential decay. Fitting the 
data, a time constant (τ) of 0.4 days (10 h) is obtained. This is quite believable, as the solution 
became cloudy-white after aging the solution in Air@RT for 12 h figure 8.10D. TEM images 
of the flakes after 12 h in Air@RT further confirmed an advanced stage of degradation, 
showing numerous “branches” and nanoparticles, which were confirmed to be anatase, 
figure 8.10E.  
 
Figure 8.10 Optical image of fresh d-Ti2CTx MXene solution, A) and aged solution for 1 day in 
Air@RT, D). SEM image of fresh MXene flake, B). Stability of d-Ti2CTx in Air@RT and Ar@LT, 
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C). The dotted lines are the fitting results according to the empirical equation /t
reunre eAAA
 . TEM 
image of d-Ti2CTx stored in Air@RT for 12 h, E) and in Ar@LT for 12 h, F).  
In order to improve the stability of d-Ti2CTx 
solutions, the same protocol as in d-Ti3C2Tx 
MXenes was applied, i.e. storing the solution in 
Ar@LT. Their normalized extinction spectra 
showed a significantly improved stability, figure 
8.10C, with a τ of 10 days, 24 times higher than that 
of the Air@RT sample. After being stored in 
Ar@LT for 12 h, the d-Ti2CTx flakes were observed 
by TEM, showing relatively clean surfaces with 
well-defined edges and shapes, figure 8.10F. 
 Raman and XPS spectra, figures 8.11A and B 
respectively, further confirm the higher stability of 
d-Ti2CTx solution stored in Ar@LT, demonstrating 
that the proposed method for improving the 
stability of MXene aqueous solution is effective and 
universal. Moreover, the filtration of the d-Ti2CTx 
flakes could protect them from degradation over 
time, and by a simple re-dispersion process the dispersion could be obtained again. Despite 
that, the much smaller time constant in d-Ti2CTx compared to d-Ti3C2Tx MXene in Ar@LT 
indicates the reaction speed between d-Ti2CTx and water is quite fast. This makes water a not 
suitable solvent for the storage of this colloidal solution and future work should be addressed 
on the identification of an ideal solvent for the Ti2CTx nanosheets. 
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8.4 Conclusions 
Along the chapter, the stability of MXene aqueous solutions have been studied. Through the 
investigation of the degradation process in standard storing conditions, Air@RT, it has been 
regarded that the starting material slowly oxidize forming anatase TiO2 and amorphous 
carbon. XPS analysis have revealed that other suboxides/hydroxides are involved in the 
degradation process, but only as intermediate stages in oxidation. Moreover, TEM and SEM 
observations have shown a preferential degradation on the edges of the flakes, making small 
flakes more sensitive to oxidation.  
The degradation stage of the MXene colloidal solutions has been quantify by UV-Vis spectra 
analysis. In addition, the fitting of this oxidation as a function of time by a single exponential 
decay, have allowed us to extract a time constant of the degradation process. Through this 
method, the stability at low temperature and oxygen-free conditions has been explored. The 
storing in those environments has resulted in an impressive increase in the lifespan, revealing 
that the dissolved oxygen is the prime oxidizer, while water just a mild one.  
To investigate the influence of the flake size in the stability, a cascade centrifugation method 
has been used to separate nanosheets by their size. By following the same methodology as 
before, the time constants of the size selected colloidal solutions have been obtained. 
Additionally, a clear correlation between the time constants and flake size, was obtained. This 
result can potentially permit the size determination of the nanosheets just from UV-Vis 
spectra. Moreover, this correlation has further proved a faster decay of the smaller flakes and 
the validity of the proposed storing conditions for increasing the lifetime of the colloidal 
solutions.  
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Due to the fact that even in Ar@LT the material still oxidizes, it has been proposed a long 
term preservation by filtering the solution and storing the material as a solid film. This 
strategy has proven to preserve extremely good the material and being fully reversible. 
Finally, the study was extended to d-Ti2CTx, another material of the MXene family. The 
results obtained were in line of the observed in d-Ti3C2Tx. This undoubtedly demonstrate 
that the proposed protocols for extending the lifetime of MXene colloidal solutions, are 
applicable to all MXene family. 
The ever-increasing attention that the MXenes have attracted in many applications, often 
involves the use of aqueous colloidal solutions. For this reason, the results of this chapter 
are fundamental to the future development of this promising material. Moreover, the 
proposed protocols facilitate the inclusion of the MXenes into the SiNWs electrodes, what 
compose some of the future work. 
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Chapter 9:  
Conclusions and future work 
 
Along the manuscript the most important results of each chapter have been summarized in 
the corresponding conclusion section. Similarly, in this chapter is gathered the most 
important conclusions of the thesis to provide a comprehensive picture of the performed 
work. Moreover, at the end of the chapter, it is discussed the future steps in this research 
area and the open perspectives of this work. 
9.1 SiNWs for solar cells 
The first study conducted in the work was the study of the morphological, chemical and 
structural characterization of the SiNWs growth by MACE. The synthesis method has been 
used along the different chapters of the manuscript, so this first study is extremely important 
to understand the growth mechanism and the properties of the material synthetized. From 
those analysis, it was observed that the SiNWs have a preferential growth in the [100] 
direction and a thin SiO2 coverage is produced in SiNW surface, due to the MACE. The 
kinetics of the reactions has been also obtained, which has allowed us a good control of the 
growth.  
SiNWs by MACE were applied in c-Si and highly absorbing surfaces were obtained. Their 
reflective properties were analyzed and compared with anti-reflective commercial 
technologies, showing a much better performance than the commercial solutions.  
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Despite of the great results as anti-reflective layers, the increase of surface recombination 
could be an important obstacle for achieving good efficiencies as solar cells. In order to delve 
into this problem two approaches were addressed: the increase of surface conductivity to 
obtain a better carrier collection and the reduction of the recombination via surface 
passivation. 
The first approach was conducted by the in situ growth of a thin and conductive CNT layer 
on top of the SiNWs. This CNTs layer was achieved by a CVD growth and the 
characterization of the material showed a very high quality single walled CNTs. The reported 
growth method resulted in the formation of an interconnected net with a low resistivity (3 
kΩ/□) and almost none affection to the reflective properties of the SiNWs.  
The second way to improve the surface recombination of the SiNWs covered surfaces, was 
the study of the surface passivation. The surface passivation in silicon is usually achieved by 
the deposition of well-known dielectric layers. However, the regular SiNWs have such a small 
separation that when a layer is deposited, the material does not cover their whole surface, 
leading to a poor passivation. To solve this difficulty, it was developed a SiNWs growth 
assisted by patterns with higher SiNW separation. By this approach, it was obtained a very 
homogeneous deposition all over the surface. This method allowed the control of the SiNWs 
separation and diameter, by using AAO membranes directly grown on the Si as patterns. The 
AAO growth on Si substrates was previously scarcely explored. Along the corresponding 
chapter it has been conducted a thorough investigation to understand and control this 
growth method. This deep study resulted in a very precise control of the AAO and SiNW 
parameters which could potentially have applications in many other field. 
 
 
Conclusions and future work 
 147  
 
9.2 SiNWs for lithium-ion batteries 
The SiNWs were applied in the LIBs under three electrodes architectures, each of them 
showing substantial innovations.  
The first type of electrode, consisted on the mixture of SiNWs with common batteries 
additives (binder and carbon black) deposited on top of Cu substrates. This method needs 
large quantities of SiNWs detached from a substrate that the common MACE cannot 
provide. In order to fulfill this requirement, the MACE process was applied until the etching 
consumed the whole thickness of the wafers. This extended process indeed produced enough 
SiNWs to allow the formation of batteries, but it was observed that obtained SiNWs had a 
much thicker oxide coverage than the common ones. Interestingly, it was obtained that the 
SiO2 thickness was size depending, being much thicker in bigger SiNWs. This result allowed 
the development of an extra step in the SiNWs synthesis to remove the formed SiO2 prior 
to its application on LIBs.  
The assembled SiNWs electrodes showed a very good electrochemical performance being 
considerably better than other Si nanomaterials with comparable sizes. Additionally, the 
SiNWs were mixed with Si NPs of a considerably lower size and higher capacity. The mixture 
of these two materials revealed an extraordinary synergy, which combines the improved 
SiNPs capacity and SiNWs stronger structure, to form a hybrid electrode with a very good 
capacity and cycling performance. 
The second type of electrode architecture was the free-standing electrode, formed by the 
mixture of SiNWs and CNTs. The first step in the optimization of this type of electrodes 
was the selection of the appropriate SiNWs/ CNT ratio, which have to be a compromise 
between the properties that each material adds to the mixture.  This optimization was done 
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attending to the electrodes resistivity of and the maximization of the SiNWs content, 
obtaining an ideal ratio of 20% of CNTs. 
The electrodes fabricated under this architecture showed very high capacities and cycling 
performance, revealing an extraordinary low degradation. However, these results were only 
from the 40 first cycles and longer cycling should be done to check if indeed the capacity 
fading is effectively suppressed. 
The last method of the SiNWs integration into the LIBs, was the deposition of a-Si:H directly 
over the Cu substrates followed by a subsequent MACE etching. This method is the most 
innovative among the three tested because, to our knowledge, the use of this a-SiNWs in 
LIBs was never reported. In this case, the a-Si:H was deposited on the Cu substrates by two 
techniques, PECVD and RF-MS. Despite of the similarities in the deposited films, only the 
growth of a-SiNWs by MACE was achieved in the PECVD samples. A deep study was 
performed to delve into this subject, focusing on the film morphology and composition. It 
was found, that the RF-MS samples, had more hydrogen, but its incorporation was mainly 
in the form of polyhydrides which are much more inefficient passivating the material.  
The bigger difficulty encountered in these novel electrodes was to accurately measure the 
mass of SiNW. The nature of the a-SiNWs synthesis process does not allow a direct 
measurement of the active mass of the electrodes. Therefore, the mass was obtained through 
the density, which was previously calculated from indirect measurements.  
The a-SiNWs/Cu electrodes were assembled into batteries and were electrochemically 
characterized. They showed an extraordinary performance increase compared with the bare 
a-Si:H films, solving many of their major drawbacks. Furthermore, the surface/volume ratio 
increase achieved by the a-SiNWs/Cu electrodes could allow the utilization of carbon 
additives to improve the cycling performance of the material.  
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9.3 MXenes 
The MXenes, a new family of 2D materials, was proposed to be used as additive for the 
SiNWs into LIBs. Their good electrochemical and conductive properties make them a good 
candidate to be paired with the SiNWs into LIBs. However, before this application, there are 
still fundamental aspects that need to be solved. The most important is that the MXenes are 
unstable in ambient conditions and no study stated the origins of this instability or a way to 
prevent it. Thus, in the present work the MXenes stability was studied. 
This study revealed that the degradation of the Ti MXenes (Ti2CTx and Ti3C2Tx) colloidal 
solutions is an oxidation which results in the formation TiO2 and amorphous carbon. The 
oxidation of the flakes is an edge-driven reaction which affects more intensely to the smaller 
flakes. The characteristic degradation time was obtained for standard storing conditions and 
different environments were proposed to extend the lifetime of the solutions. The oxidation 
rates in this environments showed a considerably higher lifespan, which in some cases were 
of several years. Additionally, this study revealed that the oxidizer agents responsible for the 
degradation of the material are primely the dissolved oxygen and, less intensely, the water. 
All these oxidizers were removed from the MXenes through vacuum filtration obtaining 
almost none material degradation.  
9.4 Future work 
Despite most of the topics treated along this work could be subjected to further work, 
probably are two main areas which, due to their novelty, would be the most interesting. 
The first one would be the a-SiNWs implementation into batteries. The performance shown 
by this material without any additive outclass any other Si bare material. Therefore, it would 
be quite interesting observe the effect of different carbon additives into its capacity, and 
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specially into its cycling. A further development of this novel electrode architecture could be 
a high breakthrough in the Si based anodes for LIBs. Moreover, the easy scalability that the 
method presents could be really interesting to industry level applications. 
The other field which also would be benefited with further work are the MXenes. Since its 
discovery, the interest on these materials has grown exponentially and its early stage of 
development makes them a very fruitful research area. The mixing of this material with the 
different kind of SiNWs studied could be an interesting next step in the development of both 
the SiNWs and MXenes. 
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Chapter 10:  
Conclusiones y trabajo futuro 
 
A lo largo del manuscrito, los resultados más importantes de cada capítulo se han ido 
resumido en las correspondientes secciones de conclusiones. De una forma similar, en este 
capítulo recogeremos las conclusiones más importantes de la tesis para proporcionar una 
imagen completa del trabajo realizado. Además, al final del capítulo discutiremos los pasos 
futuros en esta área de investigación y las perspectivas que deja abiertas este trabajo. 
10.1 SiNWs para células solares 
El primer estudio realizado en el trabajo fue la caracterización morfológica, química y 
estructural del crecimiento de SiNWs por MACE. Este método de síntesis se ha utilizado a 
lo largo de los diferentes capítulos del manuscrito, por lo que este primer estudio es 
extremadamente importante para comprender el mecanismo de crecimiento y las 
propiedades del material sintetizado. A partir de estos análisis, se observó que los SiNWs 
tienen un crecimiento preferencial en la dirección [100]. Además, se apreció que el MACE 
produce una fina capa de SiO2 en la superficie de los SiNWs. Por otra parte, también se 
estudió la cinética de las reacciones involucradas en el proceso, permitiéndonos un gran 
control sobre el crecimiento. 
Los SiNWs fueron crecidos por MACE en obleas de c-Si, obteniendo superficies altamente 
absorbentes. Sus propiedades ópticas fueron analizadas y comparadas con capas 
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antireflectantes comerciales, mostrando un rendimiento mucho mejor que las soluciones 
comerciales. 
A pesar de los buenos resultados como capas antirreflectantes, el aumento que producen los 
SiNWs en la recombinación superficial podría ser un enorme obstáculo para lograr una buena 
eficiencia en células solares. Con el fin de profundizar en este problema, se abordaron dos 
enfoques: el aumento de la conductividad de la superficie para obtener una mejor recolección 
de portadores y la reducción de la recombinación a través de la pasivación de la superficie. 
El primer enfoque fue llevado a cabo mediante el crecimiento, por CVD, de una capa fina y 
conductora de CNTs sobre los SiNWs. Esta lámina de CNTs se caracterizó mediante Raman, 
mostrando una composición predominante de CNTs de una sola pared de muy alta calidad. 
Además, mediante microscopía electrónica se observó que los CNTs crecen formando una 
red interconectada con una baja resistividad (3 kΩ/□) y sin tener casi ninguna influencia en 
las propiedades reflectoras de los SiNWs. 
La segunda forma de mejorar la recombinación superficial de las superficies cubiertas con 
SiNWs fue el estudio de la pasivación superficial. Esta pasivación, en silicio normalmente se 
consigue mediante la deposición de capas dieléctricas bien conocidas. Sin embargo, los 
SiNWs comunes tienen una separación tan pequeña, que cuando se deposita una capa, el 
material no cubre toda su superficie y da lugar a una mala pasivación. Para resolver esta 
dificultad, se desarrolló un crecimiento de SiNWs asistido por patrones con mayor 
separación entre los SiNWs. La mejora del espaciado entre SiNWs nos permitió la deposición 
de láminas sobre los nanohilos de forma efectiva. Los patrones usados fueron membranas 
AAO directamente crecidas en el Si. En la bibliografía, el crecimiento directo de AAO sobre 
Si ha sido muy poco estudiado, por ello a lo largo del correspondiente capítulo, se a llevado 
a cabo una investigación exhaustiva para comprender y controlar este método de 
crecimiento. Este profundo estudio nos concedió un control muy preciso de los parámetros 
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tanto de las AAO como de los SiNW. A parte de la aplicación aquí estudiada, la gran 
versatilidad del método podría tener aplicaciones en muchos otros campos. 
10.2 SiNWs para LIBs 
Los SiNWs se aplicaron en las LIBs bajo tres configuraciones de electrodos, cada uno de 
ellos mostrando sustanciales innovaciones. 
El primer tipo de electrodo, consistió en la mezcla de SiNWs con aditivos comunes de 
baterías (aglutinantes poliméricos y negro de acetileno) depositados sobre sustratos de Cu. 
Este método necesita grandes cantidades de SiNWs en forma de disolución, requisito que el 
MACE común no puede proporcionar. Para cumplir este requerimiento, se aplicó el 
procedimiento MACE hasta consumir todo el grosor de la oblea. Este proceso MACE 
prolongado fue capaz de producir bastantes SiNWs para permitir la formación de baterías, 
pero se observó que los SiNWs obtenidos tenían una cobertura de óxido mucho más gruesa 
que los comunes. El espesor del SiO2 depende del tamaño de los SiNWs, siendo mucho más 
grueso en los nanohilos más grandes. Este resultado nos permitió desarrollar un paso extra 
en la síntesis de los SiNWs para eliminar el SiO2 formado antes de que fueran aplicados en 
las LIBs. 
La caracterización electroquímica de los electrodos de SiNWs, mostró un rendimiento muy 
bueno, siendo considerablemente mejor que otros nanomateriales de Si con tamaños 
comparables. Adicionalmente, los SiNWs se mezclaron con Si NPs de un tamaño menor y, 
por tanto, mayor capacidad electroquímica. La mezcla de estos dos materiales condujo a una 
extraordinaria sinergia, combinando la capacidad mejorada de las Si NPs y la sólida estructura 
de los SiNWs. Estos electrodos híbridos demostraron una muy buena capacidad y resistencia 
al ciclado. 
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El segundo tipo de configuración de electrodos fueron los electrodos “free-standing”, 
formados por la mezcla de SiNWs y CNTs. El primer paso en la creación de este tipo de 
electrodos fue la determinación de la proporción de SiNWs/CNT apropiada. Esta debía 
mostrar un compromiso entre las propiedades que cada material añade a la mezcla para 
optimizar las capacidades electroquímicas del electrodo final. La optimización se realizó 
atendiendo a la resistividad de los electrodos y la maximización del contenido de SiNWs, 
obteniéndose una relación ideal de 20% en peso de CNTs. 
Los electrodos fabricados de esta manera mostraron capacidades y rendimientos en el ciclado 
muy altos, revelando una extraordinariamente baja degradación de los SiNWs en presencia 
de los CNT. Sin embargo, estos resultados comentados fueron sólo en base de los primeros 
40 ciclos. Para comprobar si efectivamente la disminución de la capacidad se suprime con la 
inclusión de los CNTs, habría que extender más el ciclado. 
El último método de integración de los SiNWs en las LIBs, fue la deposición de a-Si:H 
directamente sobre los sustratos de Cu y el subsiguiente crecimiento de SiNWs con MACE. 
Este método es el más innovador entre los tres ensayados porque, en nuestro conocimiento, 
el crecimiento de este tipo de SiNWs para baterías nunca se ha reportado. El a-Si:H se 
depositó sobre los sustratos de Cu mediante dos técnicas, PECVD y RF-MS. Sin embargo, 
sólo el crecimiento de los a-SiNWs por MACE se logró en las muestras PECVD. Para 
profundizar en este tema se realizó un concienzudo estudio sobre la morfología y 
composición de las láminas depositadas. Mediante FTIR y técnicas IBA se encontró que las 
muestras de RF-MS tenían más hidrógeno, pero su incorporación estaba principalmente en 
forma de polihidruros, que son menos eficaces pasivando el material. 
La mayor dificultad encontrada en la formación de estos novedosos electrodos fue medir 
con precisión la masa de los a-SiNWs. La naturaleza del proceso de síntesis de los a-SiNWs 
no permite una medida directa de la masa activa de los electrodos. Por lo tanto, este valor de 
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masa se obtuvo a través de la densidad, que, así mismo, se extrajo de mediciones indirectas 
y cálculos teóricos sobre las películas. 
Los electrodos a-SiNWs/Cu se ensamblaron en baterías y se caracterizaron 
electroquímicamente. Estos mostraron un extraordinario aumento de rendimiento en 
comparación con las láminas de a-Si:H, resolviendo muchos de sus principales 
inconvenientes. Además, el increíble aumento de la relación superficie/volumen conseguido 
mediante la creación de los a-SiNWs, podría permitir la utilización de aditivos de carbono 
para mejorar el ciclado del material, lo cual no es posible en las películas de a-Si:H. 
10.3 MXenes 
Los MXenes, una nueva familia de materiales 2D, se propusieron en este trabajo para ser 
utilizados como aditivo junto con los SiNWs en las LIBs. Sus buenas propiedades 
electroquímicas, así como alta conductividad, los convierten en un extraordinario candidato 
para ser empleado junto con los SiNWs en las LIBs. Sin embargo, antes de esta aplicación, 
todavía hay aspectos fundamentales que necesitan ser resueltos. Lo más importante es que 
los MXenes son inestables en condiciones ambientales estándar. Como ningún estudio ha 
reportado los orígenes de esta inestabilidad, ni una manera de prevenirlo, en el presente 
trabajo se persigue este objetivo: el estudio de la estabilidad de los MXenes. 
En este estudio se llegó a la conclusión de que la degradación de las soluciones coloidales de 
MXenes de Ti (Ti2CTx y Ti3C2Tx) da como resultado la formación de TiO2 y carbono amorfo. 
Por distintas técnicas, se estudió el tiempo de degradación característico de los materiales, y 
se propusieron diferentes ambientes de almacenamiento. El estudio de la degradación reveló 
que los agentes oxidantes responsables de la oxidación del material son principalmente el 
oxígeno disuelto en el agua y, menos intensamente, el agua. Las condiciones propuestas de 
almacenamiento produjeron un enorme aumento de la vida útil de los materiales, 
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permitiendo un método de almacenamiento a largo plazo. Los tiempos de vida más largos 
obtenidos (más de 2 años) fueron para las condiciones Ar @ Lt, cuando el material está en 
forma de solución coloidal. También se observó que cuando el material es separado del agua, 
la degradación es prácticamente nula, siendo esta otra válida forma de almacenamiento a 
largo plazo. Adicionalmente, se observó que el proceso de degradación es una reacción más 
intensa en los bordes, dando lugar a que los nanocompuestos más pequeños sean los más 
sensibles a la oxidación. 
10.4 Trabajo futuro 
La mayoría de los temas tratados a lo largo de este trabajo podrían ser objeto de un estudio 
más profundo; sin embargo, probablemente hay dos áreas que, por su novedad, serían las 
más interesantes de ampliar. 
La primera sería la implementación de los a-SiNWs en baterías. El rendimiento mostrado 
por este material sin ningún aditivo supera a cualquier otro material de Si. Por lo tanto, sería 
muy interesante analizar el efecto de los diferentes aditivos de carbono en su capacidad, y 
especialmente en su ciclado. Un desarrollo en mayor profundidad de esta nueva arquitectura 
de electrodo podría suponer un gran avance en los ánodos basados en Si para LIBs. Por otra 
parte, este método presenta una fácil escalabilidad, siendo muy interesante para aplicaciones 
a nivel industrial. 
El otro campo que también podría ser muy fructífero es el de los MXenes. Desde su 
descubrimiento, el interés por estos materiales ha crecido exponencialmente y su temprana 
etapa de desarrollo los convierte en un área de investigación muy atractiva. El desarrollo de 
electrodos híbridos de SiNWs/MXenes podría ser un interesante paso en la aplicación estos 
materiales en las LIBs.  
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